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Synthesis and characterization of semi-degenerated Al:CdO thin films
for photodetector applications using a cost-effective approach
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An inclined-angle chemical spray pyrolysis method deposited 3.0% Al-doped CdO thin
films on two types of substrates (silicon and glass). The films showed high conductivity,
stable cubic structure with dominant (200) orientation, and homogeneous spherical grains
of 100-200 nm. Their visible absorption coefficient was ~10* cm™! and bandgap 2.29 eV.
Two heterojunctions n-CdO/n-Si and n-CdO/p-Si were fabricated. The n-CdO/n-Si junction
exhibited rectifying behavior with a reverse-bias gain of 6.7, visible-light detection, and low
resistance. n-CdO/p-Si junction achieved a photoresponse of 18x10* A/W at 520 nm
compared to 5x10* A/W. These characteristics make the films promising for optoelectronic
applications.

(Received August 6, 2025; Accepted November 6, 2025)

Keywords: Cadmium oxide, Silicon, Degenerated semiconductors, Heterojunction,
Band diagram, TCO

1. Introduction

Nanostructured materials have received growing interest lately through their vital role
played in enhancement of technological applications, and production of advanced materials that
have outstanding physical and chemical properties [1-3]. Eventually, metal oxides have drawn much
attention for their contribution in cutting-edge applications related to electronics, photovoltaic, and
sensing devices [4]. Examples of these metal oxides such as cadmium oxide, zinc oxide, titanium
oxide, and indium tin oxide. They showed high competency in specific applications of dye-
sensitized solar cells (DSSC) [5], and photoelectrochemical cells (PECs) [6]. Cadmium oxide (CdO)
film has unique characteristics. It is an n-type semiconductor with a favourable bandgap energy
within (2.2-2.7) eV in the visible region, and a high electrical conductivity of (10* - 10*) S/cm. Itis
also a semi-transparent material in the visible and near infrared (NIR) regions [7-11]. It is a
promising semiconductor based on its dual combination of transparency and low electrical resistance
[7,8, 12].

Moreover, CdO deposited on silicon exhibited remarkable optical and electrical properties
[13]. As a result, CdO has become an indispensable candidate in across a broad spectrum of
optoelectronic applications like humidity sensors, solar cells, photodiodes, phototransistors,
transparent electrodes, and IR detectors [14-16]. Adding dopants (for example Sn, In, F, Cu, Ga, and
Al) to CdO thin films increases the electrons concentration and improves their electrical conductivity
[9, 12, 17- 20]. Although few studies are reported for Al-doped CdO films, Aluminium was
successfully employed to dope other transparent conductive films in order to improve electrical
conductivity, and increase the concentration of conduction electrons [12, 19, 20].
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Numerous techniques were implemented for preparing pure or doped CdO thin films.
Among these techniques: sol-gel [21], SILAR [22], thermal evaporation [23], electron beam
technique [24], pulsed laser deposition (PLD) [25], sputtering [26], chemical vapour deposition
(CVD) [27], and chemical spray pyrolysis (CSP) [11,12]. Remarkably, each technique is unique in
its yield, benefits, and drawbacks. Notably, CPS offers several advantages, including simplicity,
cost-effectiveness, vacuum-free operation, and suitability for industrial fabrication, easiness in
adding doping materials, repeatable, films quick growth, and possibility of achievement a
homogenous film surface [11, 28]. A number of research work was disseminated regarding the
formation, characterization, and efficiency of CdO nanostructures for diverse applications. For
instance, CdO nano-sheets were generated hydrothermally by N. A. Shad et al. [29], who also
proposed that CdO nano-sheets were great photo-catalyst materials for the photo-degradation of
toxic organic when exposed to UV light. R.N. Bulakhe and his colleague [30] prepared cubic-
structured CdO thin films using chemical bath deposition (CBD). They concluded that the
synthesized thin film was a highly sensitive substance for liquefied petroleum. Consequently, the
film can be employed as a gas sensor. Using the sol-gel method, F. Yakuphanoglu [31] prepared a
nanocluster CdO thin film. It was deduced that this film was a good nominee for an effective solar
cell device. Another research group was used CSP technique to prepare Al-doped CdO thin films.
They found that using Al was efficiently improved the CdO linear optical characteristics and
emphasized a significant impact on their structural and morphological characteristics. The most
important outcome associated with this study was the possibility of utilizing the prepared films in
promising applications represented by optoelectronic gadgets [32].

By using the same deposition technique, Azzaoui et al. were recently examined what
happens to CdO thin films when both aluminium and tin are added during deposition onto glass at
350°C. They reported that co-doping with these elements enhanced the physical properties of CdO
thin films [33].

Although several reports [12,19,34] studied electrical and optical behavior of Al-doped CdO
films, studies specifically focusing on their properties when deposited on Si substrates via the CSP
method remain limited. The final product's characteristics can be significantly influenced by
adjustments to the substrate's tilt angle during film growth, regardless of the deposition method.

In previously published studies, the co-authors synthesized films using the CPS method at
a tilt angle of 45 degree [12, 35, 36]. Compared to films deposited via the conventional vertical
chemical spray method [37], those prepared using a tilted configuration exhibited improved
uniformity, as the reduced droplet impact energy on the substrate contributed to smoother and more
homogeneous films. In this context, Al-doped CdO thin films were fabricated via CSP at a
deposition angle of 45 degrees, followed by optoelectronic characterization. Two prior studies [12,
23] systematically optimized Al doping in CdO, identifying 3% and 5% as the optimal
concentrations for enhancing electrical conductivity while minimizing structural defects.
Consequently, this study adopts comparable high doping levels and annealing treatments to further
investigate their effects on CdO-Si junctions for optoelectronic applications.

2. Experimental details

CdO thin films doped with aluminum (doping ratio 3%) with enhanced electrical
conductivity of semi-degenerated 3% Al doped CdO thin films were prepared using CSP technique.
This was done to explore the possible applications of these films in heterojunction photodetectors.
Two types of silicon wafers (n-type and p-type) were used as substrates. The orientation of the
wafers was (111), the thickness was 550um, the sheet resistance varied between (1-4) /o, and the
doping concentration was approximately 2.3 X 107 cm™. CdO precursor was a solution of cadmium
nitrate of (0.2 M) which was prepared by dissolving [Cd (NO) 3. 4H,O], and [(Al (NO3)..9H,0] in
deionized water. The optimal solution composition for 3% Al: CdO film deposition was obtained
by mixing a 0.2 M cadmium nitrate solution of 97 cm™ with 0.2 M aluminium nitrate solution of 3.0
cm>,
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The dimensions of the slides used for optical microscopy investigation were (2.5 x 2.5) cm?.
The n-type and p-type silicon wafers were also cut to be with an area of (1.0 x 1.0) cm?. Prior to thin
film deposition process, the silicon substrates underwent a 10-minute immersion in 5.0% HF to
eliminate the native oxide thin layer. Glass and Si substrates were washed using ethanol and distilled
water, and special tissues were used to dry them. Figure 1 shows the CSP setup used to prepare
samples. The substrates were placed on a hot plate for warming them up to 400°C. The prepared
solution was sprayed for a spray time of 4.0 s at an angle of 45°. The time interval between each two
sprays (stoppage time) was 30s. The air compressor was adjusted at 6.0 kg/cm?, and the nozzle is
fixed a distance 30 cm from the substrate. When the deposition process was completed, the films
were annealed for two hours at 400°C to eliminate any internal stresses caused by the successive
cooling and heating. Following deposition and annealing, the films were subjected to various
characterization techniques to assess their structural, morphological, and optoelectronic properties.
The crystal structure was analyzed using X-ray diffraction (Shimadzu 6000, CuKal, A = 0.15406
nm). Field emission scanning electron microscope (FESEM) was used to characterize the surface
morphology. (Model: Mira3, Tescan). The optical properties are tested by a UV-Vis spectrometer
(Metertech SP8001), and the dark current-voltage characteristics are measured by DC power supply
and an electrometer. The tungsten-halogen lamp was used to illuminate the samples under the [-V
characteristics, and a monochromator was used to measure the spectral response (responsivity) of
the CdO/Si heterojunction detectors.
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Fig. 1. Experimental setup for CSP technique.

3. Results and discussion

Figure 2 demonstrates the peaks of X-ray diffraction for 3.0 % Al: CdO prepared by tilt
spray pyrolysis method. The XRD pattern displays three characteristic peaks at 26=32.92°, 38.24°,
and 55.29° for the planes (111), (200), and (220), respectively. These peaks are identified by
comparing them with the JCPDS card number 75-0591 [38]. Since no indication about the presence
of ALOs, the obtained peaks are considered as fingerprints for a highly polycrystalline pure CdO
compound without detectable aluminium oxide. The absence of aluminium oxide peaks is ascribed
to the employment of a very small amount of Al as a dopant. The highest intensity peaks of Al: CdO
film are located in (111) and (200) planes. Consequently, the preferred orientation of crystal growth
is found at these crystallographic planes. The degree of crystallisation for the plane (111) is
marginally higher than the same plane reported in the previous work [12], whereas the degree of
crystallisation for the plane (200) is quite like that work. The enhanced crystallinity can be assigned
to the leaving of the films after deposition for a couple of hours on the hot plate (annealing process)
for removing the internal stresses generated by alternating spraying.



728

The size of crystallite (D) is calculated using Scherrer’s equation [39,40]:

_ 0944
- LcosO

(1

6 is the Bragg’s diffraction angle, A is the wavelength of the x-ray, £ is the full width at half-
maximum of diffraction peaks. Table 1 below summarizes the findings of XRD test.
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Fig. 2. X-ray diffraction peaks of 3%Al: CdO thin film prepared by CSP technique.

Table 1. Results obtained from X-ray diffraction test for 3.0 % Al-doped CdO prepared by CSP technique.

Sample 20 (hkl) | FWHM Crystallite size Reference
(deg.) (deg.) D (nm)
3292 | 111 0.258 32.1
3.0%AI:CdO | 38.24 | 200 0.317 26.5 This work
55.29 | 220 0.320 29.3
33.00 | 111 0.31 26.7
3.0%AIL:CdO | 38.00 | 200 0.306 27.4 Ref. [12]




729

SEMHV: 150KV WD: 445 mm
View feld: 1.27 pm Det: SE o View field: 2.54 ym
SEM MAG: 100 kx | Date(midhy): 112323 SEM MAG: 50.0 kx| Date(midy): 1123723

{ L P s o ik
SEM HV: 15.0 kY. e A3 ToccAn. SEM V50KV WO: 3.30 mm T MIRA3 TE

View field: 8.48 pm SE View feld: 8.48 ym Det: SE 2pm

SEM MAG: 15.0 kx | Date(midly): 11723123 SEM MAG: 15.0 kx __ Date(midy): 112323

(c) 2.0 um (d) Cross-section micrograph

Fig. 3. FESEM images for 3.0% Al-doped CdO prepared by tilt CSP technique.

Figure 3 shows FE-SEM micrographs of a 45-degree tilt spray pyrolysis-deposited 3.0 %Al:
CdO thin film on a glass substrate. Micrographs of Al: CdO thin films shows that the film is consist
of spherical-like structures that have homogeneous grains, and the size is vary between (100-200)
nanometres. A closer observation for the highly magnified micrographs shows that these grains are
consistently overlapped or combined compared to reference [12]. This outcome can be linked to the
annealing process. The majority of Al: CdO film grains have a monoclinic morphology. Moreover,
they are dispersed throughout the surface of the film. It is observed that certain grains have cracks.
In fact, these are imperfections, and they might be developed because of the alloying process. Figure
3d display a cross-sectional view of the deposited film of thickness 440 nm.

Figure (4a) depicts a photographic image of cadmium oxide film on a glass slides substrate.
The film has a thickness of 440 nm and is yellow with good transparency because it displays the
sample preparation condition “3.0% Al: CdO,” Figure 4b shows a device structure which is used to
examine -V characteristics and responsivity.

Figure 5 reveals the absorption coefficient («) values calculated from transmittance data for
aluminium-doped cadmium oxide thin film. The value of @ increases with photon energy (hv) in a
manner analogous to that of normal semiconductors. The figure shows high values of absorption
coefficient in the order of 10® m™ with a rapid increase with photon energy [Av = 2.29 eV] , which
is favourable for visible light detectors [1].
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Fig. 4. (a) Photographic image for a glass substrate CdO thin film on it. The text 3.0%Al: CdO is written
behind the film. (b) Device structure
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Fig. 5. Absorption coefficient vs photon energy for 3% Aluminum doped CdO thin film.

Figure 6 displays the behaviour of squared absorption coefficient (ahv)? with photon
energy(hv). According to Tauc’s analysis [39], the linear relationship between (ahv)? and hv
suggests direct bandgap (E; =2.29 eV) for 3.0% Al-doped CdO with predominant allowed transition

type suggesting r = % in Tauc’s equation [41]:

(ahv) = (hv — Ey)" (2)
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Fig. 6. (ahv)? vs photon energy hv for 3% Aluminum doped CdO thin film.

This result is compared with earlier published data which obtained using various techniques
and varied dopant ratios. Table 2 shows the reported data with reporting the required comparison.

Table 2. Comparative estimate of the energy bandgap of Al-doped cadmium oxide thin film in this method
and previously published works.

Sample E; (eV) Method Reference
3.0% Al: CdO 2.82 Sol-gel 2022 [21]
1.0% Al: CdO 2.46 Spray pyrolysis 2019 [42]
2.0% Al: CdO 243
1.0% Al: CdO 2.68 Spray pyrolysis 2020 [32]
5.0% Al: CdO 2.74
1.0% Al: CdO 2.35 Spray pyrolysis 2023[33]
CdO co-doped- 2.42

1.0% Al13.0% Sn
3.0% Al: CdO 2.25 Spray pyrolysis 2022 [12]
3.0% Al: CdO 2.29 Spray pyrolysis This work

The extinction (attenuation) coefficient (k) in relation to incident photon energy is plotted
in Figure 7. Using the relationship (k = aA/4m) [43], the k-values are computed from the absorption
coefficient data. As previously shown in Figure 5, the data show that x for Al-doped CdO is
relatively low, with values less than 0.4 in the visible region (hv =1.8-3.1 eV). This helps to explain
why 3.0% Al: CdO thin films have good transparency for thickness (440 nm).
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Fig. 7. Attenuation coefficient for 3.0% Al doped CdO thin film prepared by tilt CSP technique.
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Fig. 8. DC conductivity for 3.0% Al doped CdO thin film prepared by tilt CSP technique.
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Figures 8 and 9 show DC measurements for 3.0% Al: CdO, n-Si, and p-Si, respectively. The
natural logarithm of DC conductivity is drawn as a function of inverse temperature (1000/T) for
3.0% Al: CdO thin films. The linear proportionality between In o and 1000/T is concluded from a
modified form of Arrhenius equation: [44]

o = 0oexp(—Eq/kpT) A3)
where E, is the difference between conduction band energy and Fermi level energy, i.e., E, = E; —

Ep for n-type semiconductor, and E, = Ep — E}, for p-type semiconductor, kg is Boltzmann
constant and T is the temperature in Kelvin unit.
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Fig. 10. Band diagram plot for n-CdO/p-Si and n-CdO/n-Si junctions, Vy is the vacuum level. x, and y, are
electronic affinities of n-CdO and Si material respectively. Egq and Eg, are the bandgap energies. Ep, and
Egp, are Fermi levels. E,q and E,, are the activation energies.

The values of activation energy for n-CdO (E; — Ep = 0.0064 eV), n-Si (E; — Er = 0.157
eV), p-Si (Ep — Ey = 0.349 eV) are determined from Equation (3) using the concept of activation
energy. The activation energies for CdO and Si are calculated from the corresponding slopes in
Figures 8 and 9 using the equation E, = slope * 0.086. The results of DC conductivity are used in
Table 3 to evaluate the parameters, and to draw the band diagram for n-CdO/n-Si and n-CdO/p-Si
heterojunctions.

Table 3. Parameters used to plot band diagram for nCdO/pSi and nCdO/nSi junctions.

Material slope Ea(eV) | x(eV) | Eg(eV) Junction AEc AEv

(eV) (eV)

n-CdO 0.074 0.0064 451 2.25 n-CdO/n-Si 0.45 1.58

p-Si 4.05 0.349 4.05 1.12 n-CdO/p-Si 0.45 1.58
n-Si 1.82 0.157 4.05 1.12
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Figure 10 confirms that the type of n-CdO-pSi, and n-CdO-nSi is staggered (Type II)
where AE,, > AE,. In Table 3, conduction and valence band offsets are calculated using the

following equations [42]:

AE; = x1 — X2 4)
AE, = (X1 + Eg1) — (x2 + Eg2) (5)
—=— Dark —=— Dark
@) 20 —e— Photo (b) 120 - —e— Photo
P 100
1 2
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Fig. 11. I-V characteristics of 3.0% Al: CdO/Si devices. (a) n-CdO/p-Si, (b) n-CdO/n-Si

Figure 11 (a and b) demonstrates the I-V measurements for the junctions n-CdO/p-Si, and
n-CdO/n-Si; respectively. The first junction, which is n-CdO/p-Si, shows an obvious rectifying
behaviour under the influence of illumination condition rather than the dark condition. Notably, n-
CdO/p-Si junctions exhibited a response to illumination under reverse bias, whereas n-CdO/n-Si
junctions showed no significant response in either reverse or forward bias.

For the analysis of the current -voltage (I-V) measurements, it is assumed that the
conduction mechanisms in these junctions are mostly controlled by thermionic emission. The
junction current is given by [44, 45]:

=il

where V is the applied voltage, q is the electron charge, n is the ideality factor for heterojunction
structure, kg is Boltzmann constant, and T is the absolute temperature. I is the saturation current,
which can be evaluated using the following equation [44]:

V\ (qA'T Vbi) ( qui)
L =(1-— _ A 7
s ( Vbi)( ky  kg) P\ kT @

where A* is Richardson constant for silicon, and Vj,; is the built-in potential. Regarding the forward
bias, the association of the current with the voltage is evaluated by an exponential function, or [ ~
exp(qV /nkT) [44, 45]. It is concluded from Figure 11 that the reverse current increases linearly
with the applied voltage, and it does not saturate at higher voltages as indicated by Eq. (7). The
symmetry of I-V characteristic at low voltages (< 1.0 Volt) might be assigned to the localized states
related to the presence of the defects, which is connected with the relatively high doping
concentration of Al in n-CdO thin films (3.0%). The results of I-V characteristics are in good
agreement with those of n-ZnO/p-Si [46]. The junction parameters are presented in Table 3.
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As displayed in Figure 11 (b), the second junction of n-CdO/n-Si shows a rectifying
behaviour for both dark and illumination conditions. Table 4 elucidates some parameters for the two
junctions. Ir/Ir is the absolute ratio of the reverse current to forward current at applied voltage of
(1.0 Volt) for both dark and illumination conditions. Ry and Ry, are respectively the series and the
shunt resistance for the heterojunction. The gain can be defined as the ratio of the photocurrent to
the dark current. For comparison, the gain of the first junction n-CdO/p-Si in the reverse bias is
higher than that one related to the junction of n-CdO/n-Si. This finding may be linked to the width
of the depletion region, which has appeared larger when using p-type silicon. Consequently, a higher
photocurrent is achieved as a result to an increased absorption of incident photons.
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1E-04 Js = 1.6E-6 A/cm? . _m- m-a n-CdO/n-Si
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Fig. 12. Current density-Voltage characteristics for Al doped n-CdO/p-Si, and n-CdO/n-Si heterojunctions.

Figure 12 shows J-V characteristics for n-CdO-p-Si, and n-CdO-n-Si heterojunction drawn
on a semi-log plot. The chart indicates two slopes before and after bias voltage (V=0.7 Volt), which
indicates two different mechanisms for the transfer of electrons through the two heterojunctions.
The extrapolation of each line at the lower voltages gives the saturation current density J=6E-11
A/em™, and J=1.6E-6 A/cm™ for n-CdO-p-Si, and n-CdO-n-Si heterojunction; respectively.
Schottky barrier theory is used to analyse the J-V characteristics since the CdO thin films deposited
on Si are degenerated. According to this theory, the barrier height is given by [44]:

kgT A*T?
cbb = —ln
q Is

(8

All the parameters in Eq. (8) are defined previously. The values of ®,, are exhibited in Table

Table 4. Some parameters of Al doped nCdO/pSi, and nCdO/nSi heterojunctions. Gr and Grare the gains in
the forward bias and the reverse bias modes, respectively.

Ir/Ig Ir/If R(MQ) | Ra(MQ) | R(MQ) | Ru(MQ) Gr Gr Js Dy
Sample Dark | Illum. Dark Dark Illum. Ium. (A/cm?) (eV)
nCdO-pSi 1.50 5.82 1.42 0.27 0.009 0.196 1.94 6.7 6E-11 0.76
nCdO-nSi | 0.37 0.42 0.10 0.26 0.09 0.19 1.02 | 1.15 1.6E-6 1.03
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Fig. 13. Spectral responsivity of Al: CdO/n-Si, and Al: CdO/p-Si junctions.

From the responsivity test shown in Figure 13, it is noticed that there are two peaks, the first
one is located at 520 nm, and the second one at 940 nm. The first peak is generated from the
absorption performed by the prepared thin film. It is close to its energy gap. On the other hand, the
second peak is related to silicon absorption (window effect), which is also close to its energy gap.
Moreover, the response of the detector prepared using p-type silicon is greater than that one prepared
using n-type silicon. The justification for this is related to the depletion-region width, which
enhances when using p-type silicon. This means that a greater number of incident photons is
absorbed. As shown in table 5, the responsivity is affected by the deposition method.

Table 5. A comparison between the spectral responsivity of photodetectors fabricated at optimum
conditions, and those prepared by different methods.

Photodetector Preparation route Responsivity Refs
Chemical bath deposition Two responsivity peaks: (0.3
Nanostructured CdO/p-Si (CBD) at 40 C°, then heat A/W) at 600 nm. [1]
treatment at 400C° for 90 min. (0.56 A/W) at 900 nm
0.1 wt.% Cr doped CdO/p- Sol-gel method then heat (2.1x10* A/W) at light power 47
Si treatment at 500 °C 20 mW/cm? [47]
A1/3.0% Eu-nCdO/p-Si/Al Perfume atomizgr—based spray . (0.279A/W) Unfifer [48]
technique illuminated condition
Two response peaks:
n-Si: (5*10* A/W) at 520 nm. The
3.0%Al: CdO/n-Si {ilt (45°) spraying pyrolysi (9.9x10* A/W) at 940 nm. crent
3.0%Al: CdO/p-Si SPraymg pyrolysis | ., _si: (18*10“A/W) at 520 nm. | " ek
( (28x10* A/W) at 940 nm. wor

4. Conclusions

High-quality, semi-degenerate Al-doped cadmium oxide thin films were successfully
fabricated using a cost-effective approach of tilt-angle chemical spray pyrolysis (CSP) technique.
This approach played a crucial role in the enhancement of material uniformity, coverage, and film
properties. The prepared films by CSP had a cubic phase and orientation (200) , and they exhibited
a bandgap of 2.29 eV, and spherical grain structures of (100-200) nm. The photodetectors fabricated
from these heterojunctions demonstrated rectifying behaviour, effective barrier heights, and
excellent spectral responses in the visible and near-infrared regions.
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Notably, the n-CdO/p-Si junction achieved higher photo-responsivity of (18 x 10™* A/W at
520nm) compared to nCdO/nSi (5 x 10*A/W). These heterojunctions showed promising horizons
for a professional employment in optoelectronic applications.
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