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ARTICLE INFO ABSTRACT
Article history: The study explored the effects of aluminum doping on the optical and electrical properties of ZnO thin
films, along with their gas sensing capabilities, specifically in response to blood serum. Thin films
Received: 20 September 2024 were prepared using a spin-coating method, followed by annealing at 500°C, with varying Al doping
Revised: 29 October 2024 concentrations (0%, 0.5%, 1%, 1.5%, 2%, and 2.5%). The results showed that higher Al doping
Accepted: 30 October 2024 improved the transmittance, likely due to enhanced crystallinity and the Burstein-Moss effect, with
2.5% Al-doped ZnO exhibiting the highest transmittance of around 85%. The refractive index and
Keywords: extinction coefficient analyses indicated a decrease in light absorption and scattering at higher doping
levels, reflecting improved film quality. The real and imaginary parts of the dielectric constant also
Aluminum Doping; varied with doping, with 0.5% Al-doped ZnO showing the highest real part, suggesting better
ZnO Thin Films; dielectric properties. The optical band gap of Al-doped ZnO films decreased with increasing Al
Optical Properties; concentration, consistent with previous studies, indicating potential improvements in electrical
Electrical conductivity. The electrical properties, particularly I-V characteristics, revealed that higher Al doping
Properties; decreased conductivity, likely due to increased charge carrier scattering. Gas sensing experiments
Blood Serum. demonstrated that 2% Al-doped ZnO exhibited higher sensitivity to blood serum, while resistance

varied with time and serum volume, highlighting the dynamic interaction between the ZnO films and
their environment. The study's findings suggest that Al doping enhances the optical and sensing
properties of ZnO thin films, with an optimal doping concentration around 2% for maximum
sensitivity.

1. Introduction coating is particularly preferred for thin film deposition on
flat substrates due to its cost-effectiveness, ease of doping,
and control over spin and film thickness. This technique's
success suggests that ZnO-based films could potentially rival
and replace the longstanding dominance of ITO or ITO-based
systems, which rely on the more expensive and less
abundant indium [6]. In this research, AZO films were
utilized to fabricate a blood serum sensor, an important tool
for disease diagnosis.

The main driving force behind ZnO research is its
significant potential for diverse practical applications,
including use in optoelectronic devices like sunscreens,
LCDs, LEDs, laser diodes, photodetectors, solar cells, energy
harvesting devices, transistors, sensors, catalysts, and active
sunscreen compounds [1, 3]. ZnO is also valued for its high
electrochemical and thermal stability, as well as its role as
an air-stable anode in organic LEDs [4, 5]. The wide range of
synthesis techniques and nanostructures, combined with ZnO, known for its versatility and early discovery, is also
excellent characterization properties, further increases its  a widely used material in gas sensing due to its stability and
demand. Among the many deposition techniques, spin
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broad sensitivity range. When doped with metal ions like Al,
it demonstrates enhanced gas sensing capabilities; for
instance, Al-doped ZnO can detect trimethylamine, while
doping with Al, In, Cu, Fe, and Sn improves sensitivity to
ethanol vapor and reduces resistivity. The material's optical
properties involve the excitation of charge carriers from the
valence band to the conduction band, leading to increased
conductivity through the desorption of surface oxygen by
photogenerated holes. ZnO exhibits both direct and indirect
optical absorption, with direct absorption involving photon
absorption and the creation of electron-hole pairs, while
indirect absorption separates electrons and holes by the
minimum energy of the band structure. Defect states within
the band gap region are crucial for optical absorption and
emission in ZnO [7].

Jantrasee et al. explored the impact of Al concentration
on the structural and optical properties of Al-doped ZnO thin
films, examining optical parameters such as band gap,
dispersion parameters, refractive index, absorption
coefficient, and optical conductivity. Al incorporation
influenced dispersion energy, average oscillator wavelength
and strength, single oscillator energy, and refractive index
[8]. ZnO nanomaterials exhibit various structures ranging
from zero-dimensional (nanoparticles) to three-
dimensional forms, including nanorods, nanosheets, and
hierarchical films. One-dimensional ZnO structures like
nanotubes [9] and nanowires [10] correspond to linear
geometries, while two-dimensional nanodisks [11] result
from lateral crystal growth.

The study conducted by Eisa and Faraj [12] compared the
properties of thin films made from aluminum-doped zinc
oxide (AZO0), gallium-doped zinc oxide (GZO), and indium-
doped tin oxide (ITO), all of which were deposited using
radio-frequency magnetron sputtering. Their findings
showed that reducing the energy of oxygen-negative ions
during the deposition process notably enhanced the
uniformity and reduced the resistivity of AZO thin films. This
improvement was observed specifically in AZO films,
highlighting the distinct advantages of aluminum doping in
zinc oxide thin films over other doped variants. In a related
study [13], the effects of varying aluminum doping ratios on
AZ0 films created through mist chemical vapor deposition
were explored. The research demonstrated that different
Al/Zn ratios had a significant impact on the films' structural
and optical characteristics. AZO films with aluminum doping
concentrations between 1 wt% and 3 wt% maintained high
optical transmittance (>80%) within the visible spectrum.
The film with 2 wt% aluminum showed the highest
photocatalytic activity under UV light, underscoring the
suitability of AZO films for photocatalytic and biosensing
applications.

The p-n  heterostructures, specifically  CeO,
configurations, optimized for photodetection, featuring
tunable CeO, concentrations. Through hydrothermal and
sputtering methods, this ternary structure displays
enhanced UV  photodetection performance, rapid
response/decay times, and consistent current under UV

light, especially with 5.5% CeO; [14]. ZnO, recognized for its
wide bandgap, is pivotal in UV detection for fields like space
and radiation monitoring. Ce doping enhances UV sensitivity
under laser excitation, yielding a higher detectivity and
efficient response [15]. ZnO’s gas sensitivity, particularly for
CO, improves via sputtered Al-doped films, as deposition
parameters optimize porosity and response values [16].
Additional studies show Al-doped ZnO thin films enhance
conductivity, optical properties, and potential in solar cells
and UV photodetectors [17-18]. Co-doping ZnO with Al and
Cu shows high transparency, desirable for optoelectronics.
Co-doped samples balance optical bandgap and carrier
density for improved conductivity [19]. Further, Al-doped
ZnO nanostructures, fabricated through chemical vapor
deposition, show increased photocatalytic efficiency and
enhanced optoelectronic properties with Al levels up to 0.08,
beneficial for multiple applications [20].

The novelty of this research lies in its unique exploration
of aluminum-doped ZnO thin films for gas sensing
applications using blood serum, which has not been
previously studied. While past research has focused on
doping effects on optical and electrical properties, no work
has addressed the interaction of such films with blood serum.
This study not only demonstrates enhanced optical
properties and sensitivity with Al doping but also reveals a
novel application in biomedical sensing, making it distinct
from prior investigations.

2. Experimental

2.1. Sample Preparation

Glass slides were cut into 2.5 cm x 2.5 cm pieces, cleaned
with dilute HC], rinsed with distilled water, boiled in acetone
at 70°C, and then dried. A precursor solution was created by
dissolving 2.74 g of zinc acetate in 25 ml of propanol, stirring
itat 60°C for 30 minutes, and gradually adding diethylamine
until a clear solution formed, which was then left to stand for
24 hours. For doping, varying concentrations (0%, 0.5%, 1%,
1.5%, 2%, and 2.5%) of aluminum chloride hexahydrate
were dissolved in a mixture of propanol and distilled water
and combined with 25 ml of the zinc acetate solution. Thin
films were then produced by applying 0.1 ml of both
undoped and Al-doped solutions onto a spinning substrate
using a spin-coater, followed by annealing at 500°C for 15
minutes. This process was repeated up to 12 times until the
film's resistance decreased to a few hundred kiloohms,
making them suitable for application.

2.2. Characterization of Thin Film

The optical properties of the aluminum-doped zinc oxide
(ZnO) thin films were assessed wusing UV-Vis
spectrophotometry with a Carry 60 spectrophotometer. This
method enabled the examination of absorbance and
transmittance spectra, offering valuable data on the films'
optical band gap and transparency.

2.3. Experimental Setup
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The gas sensing device consisted of an airtight wooden
chamber equipped with separate inlet and outlet openings,
along with a heating element. The resistance of the ZnO films
was monitored before and after exposure to blood serum at
temperatures of 60°C, 80°C, and 100°C. The temperature of
the heater was adjusted using a variable voltage regulator
and a rheostat. Sensitivity was calculated as the ratio of the
resistance change in the presence of gas to the resistance in
air. The films were cut, heated, and connected with silver
paste to create sensors, which were then placed in a cubic
wooden box with openings for serum injection and wire
connections. The sensors were tested using serum volumes
of 25 puL, 50 pL, 75 pL, and 100 pL at various temperatures.
The detail visualization of sketch and real experimental
setup is shown in Fig. 1.
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Fig. 1. Sensing measurement setup (a) Designed diagram, (b) Sensor
and (c) real system

2.4. Gas Sensing Mechanism

The gas sensing mechanism is primarily based on
electron transfer between absorbed oxygen species and the
molecules of the test gas. The sensor's response is largely
influenced by the quantity of absorbed oxygen species, as
well as the specific surface area, structure, active sites, and
electron characteristics of the sensing material. The
detection of gas is accomplished by observing changes in the
sensor's resistance.

Fig. 2. Sensing Mechanism of Zn0/AZO thin Film

The gas sensing mechanism of Metal Oxide (MOx)
semiconductors is shown in Fig. 2, which is relevant in this
experiment, typically involves the adsorption of
atmospheric oxygen on the oxide surface. This process
extracts electrons from the semiconductor, resulting in
changes in carrier density and conductivity. The
interaction with oxidizing or reducing gases alters the
oxygen concentration and conductivity, enabling the
measurement of gas concentration. The effects of oxidizing
and reducing gases are opposite to each other.

3. Results and discussion

The study evaluated the optical properties
(transmittance, refractive index, extinction -coefficient,
dielectric properties, and band gap) and electrical
properties (I-V characteristics, resistance vs. time) of lab-
designed ZnO thin films. It also analyzed the sensor's
response and sensitivity to blood serum across different
doping concentrations and temperature ranges.

3.1. Optical Properties of Al dopped ZnO

The findings presented in Fig. 3 highlight the influence of
aluminum doping on the transmittance properties of ZnO
thin films. Specifically, the 2.5% Al-doped ZnO film exhibited
a high transmittance value of approximately 85%,
suggesting enhanced crystallinity and making it a strong
candidate for use as solar cell electrodes.
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Fig. 3. (a) Transmittance with 2.5% Al doped for TM(Tmax) and Tm (Tmin),
and (b) transmittance of undoped, 1%, 2%, 3% Al doped ZnO

This high transmittance indicates that the film allows a
significant amount of light to pass through, which is crucial
for efficient solar energy conversion. Low doping
concentration (0.5% Al), the aluminum atoms are
incorporated into the ZnO lattice, but their concentration is
not high enough to significantly enhance the crystallinity of
the material. The presence of fewer Al atoms may not fully
passivate defect sites, leading to more scattering centers
within the film. These scattering centers can trap light,
reducing the overall transmittance. This explains why the
0.5% Al-doped ZnO film showed lower transmittance
(starting around 35% and increasing to 47%) compared to
films with higher doping levels. Higher doping concentration
(2.5% Al), more Al atoms substitute for Zn in the lattice. This
substitution can lead to a reduction in oxygen vacancies and
other defects, resulting in improved crystalline quality. A
better-ordered crystal structure scatters less light and
allows more light to pass through the film, thereby
increasing transmittance. The 2.5% Al-doped ZnO film
exhibited a transmittance of approximately 85%, indicating
that higher doping enhances crystallinity and reduces light
scattering. The transmittance nature with wavelength was
found similar to [21] with concentration of 0.5 % to 3%.



S. Marasini / Progress in Physics of Applied Materials 5 (2025) 1-9

The increase in transmittance with higher Al doping can
also be attributed to the Burstein-Moss effect. Doping with
aluminum introduces additional free electrons into the
conduction band of ZnO, leading to a shift in the Fermi level
into the conduction band. This results in a widening of the
optical bandgap, known as a "blue shift," because higher-
energy photons (in the UV region) are now required to excite
electrons across the bandgap. Consequently, the material
becomes more transparent to visible light, enhancing
transmittance. In comparison to the findings [22], where a
3.0% Al doping led to a decrease in transmittance, the
current study observed an increase in transmittance with Al
doping up to 2.5%. This discrepancy may be explained by
differences in film deposition techniques, thicknesses, or
post-deposition annealing processes, which can affect the
distribution and incorporation of Al atoms in the ZnO lattice.
If doping concentrations exceed an optimal level, it could
lead to the formation of secondary phases or an increase in
scattering centers, which would reduce transmittance, as
observed in Zhu et al.'s study.

The refractive index of the film was calculated by using
Fresnel's equation (1) as

_14R [ 4R 1)
" 1-R (1 - R)?

n

where, n is the refractive index, R is reflectance (it is
measure using UV spectrometer directly) and k is extinction
coefficient also given by equation (2)

k=2 (2)

41

is the extinction coefficient and a is absorbance. The analysis
of refractive index and extinction coefficient variations with
wavelength, as illustrated in Fig. 4(a) and Fig. 4(b), provides
insights into the optical behavior of aluminum-doped ZnO
thin films across the wavelength range of 400 nm to 800 nm.
Refractive Index Analysis [Fig. 4(a)] shows 0.5% Al-doped
ZnO decreases exponentially from approximately 2.25 at
300 nm to 1.5 at 400 nm. This decrease continues into the
visible region, reaching a lower value at 800 nm. The
exponential decrease in the refractive index with increasing
wavelength suggests that the film's ability to bend light
diminishes as the wavelength increases. Also, for 1.5% and
2.5% Al-doped ZnO, the refractive index exhibits a similar
trend but starts from a lower initial value and decreases
more gradually. The refractive index for these samples is
lower compared to the 0.5% Al-doped ZnO, and the rate of
decrease with wavelength is less pronounced. The decrease
in refractive index with increasing wavelength is attributed
to reduced absorbance and scattering of light within the film.
As the aluminum doping concentration increases, the ZnO
film's structural quality improves, which reduces the
number of defects and scattering centers that would
otherwise interact with light. This reduction in scattering
contributes to a lower refractive index, especially noticeable
in the visible spectrum. The nature of refractive index as
shown in Fig. 4 found similar to Baydogan et al. they found
the refractive index decrease with increase wavelength, in
general [16-23]. Also, they the extinction coefficient has
similar nature for undoped and lower Al dopped ZnO.
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Fig. 4. Optical properties (a) Refractive Index and (b) Extinction
coefficient of undoped, 0.5%Al, 1.5% Al and 2.5% Al doped ZnO vs
wavelength (nm)

Extinction Coefficient Analysis [Fig. 4(b)] shows 0.5%
Al-doped ZnO and obaservation shows the extinction
coefficient (k) is higher for the 0.5% Al-doped ZnO sample.
This higher value indicates greater absorption of light
within this film, likely due to the presence of more defect
states or lower crystallinity, which increases the material's
ability to absorb light. For 2.5% Al-doped ZnO: Conversely,
the extinction coefficient is lower for the 2.5% Al-doped ZnO
film. The decrease in k suggests that higher doping
concentrations improve the film's crystalline quality,
thereby reducing light absorption due to fewer defect states
and less scattering. The extinction coefficient is directly
related to the material's absorption of light. A higher
extinction coefficient at lower doping concentrations
indicates more significant absorption due to the increased
presence of defect states and reduced crystallinity. In
contrast, the lower extinction coefficient for higher doping
levels reflects improved film quality and fewer absorption
centers. Higher Al doping enhances the film's transparency
by reducing absorption and scattering, which is reflected in
the reduced extinction coefficient. Also, the nature of
refraction with our finding similar to [24] and extinction is
quite different they found the all dopped extinction is
converges to 400 nm.
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Fig. 5. optical properties (a) Real part of dielectric and (b) Imaginary part
of dielectric

The real and imaginary dielectric was obtained using
analytical method for this we used formula [25],
EW)=e+i¢€ (3)

where € is real and €' is imaginary part of the complex
dielectric function encloses the desired information of
nanostructured thin film € = n2 -k2 and €’ = 2nk. The real and
imaginary parts are distinctly related with refractive index
(n) and extinction coefficient (k). Figs. 5(a) and 5(b), reveals
important trends in their optical behavior. The real part of
the dielectric constant (€) is notably higher than the
imaginary part (€') across all doping concentrations,
indicating that the films have strong dielectric storage
capabilities [26]. Among the samples, the 0.5% Al-doped
ZnO film exhibits the highest real part, suggesting it
possesses superior dielectric properties and potentially
better transparency. However, as the doping concentration
increases to 1%, 1.5%, and 2.5%, the real part of € decreases,
which could be due to changes in the film's structure or
increased defect densities. In contrast, the imaginary part of
the dielectric constant, representing dielectric losses or
absorption, is lower than the real part for all doping levels,
reflecting that the films generally have good transparency
and low dielectric losses. The 0.5% Al-doped ZnO sample
also shows the highest imaginary part, indicating higher
absorption losses compared to films with higher doping
concentrations. The decrease in €" with increased doping
concentration implies improved transparency and reduced
dielectric losses in these films. Additionally, the
measurement of the real part of the dielectric constant was
only successful for three doping concentrations, suggesting

potential issues with noise or disturbances in the data for
one sample. This highlights the need for careful sample
preparation and accurate measurement techniques to
ensure reliable results. Overall, the findings suggest that
while the 0.5% Al-doped ZnO films offer a favorable balance
of high dielectric constant and good transparency, higher
doping levels can enhance transparency but may alter
dielectric properties and introduce measurement
challenges.

3.2.0ptical Band Gap of Al Doped ZnO

It has been observed that the direct optical bandgap of
Al-doped ZnO films exhibits a decreasing trend with
increasing Al concentration, as depicted in Fig. 6.
Specifically, the bandgap for undoped ZnO is 3.25 eV, while
for 0.5% Al-doped ZnO, it increases slightly to 3.35 eV.
However, further doping reduces the bandgap, with both
1.5% and 2.5% Al-doped ZnO showing an optical bandgap of
3.20 eV. These findings are consistent with previous
research by Jantrasee et al. [8] and Shirouzu et al. [27],
where the optical bandgap of ZnO was reported as 3.15 eV,
and the optical band gaps of Al-doped ZnO were found to
decrease progressively from 3.07 eV to 2.95 eV with
increasing Al doping. This happens because the energy
required for electrons to jump from the valence band to the
conduction band (the bandgap) decreases. Initially, the
bandgap of pure ZnO is 3.07 eV, but as the concentration of
Al increases, the bandgap reduces to 2.95 eV. This reduction
occurs because aluminum doping introduces additional free
electrons and modifies the electronic structure of ZnO,
causing a narrowing of the bandgap, which affects the
material's optical and electrical properties.

-
undoped:3.3eV = undoped
1%0:3.25eV + 1% Al doped ZnO L
44 2%:3.26V 2% Al doped ZnO .
3%:3.15eV ¥ 3% Aldoped ZnO

(chv)* x105(eV/em)?

20 25

Energy (eV)
Fig. 6. Comparison of optical band gaps of undoped, 0.5%, 1.5%, 2.5% Al-
Doped ZnO

This redshift in the bandgap upon incorporating Al into
Zn0 is primarily attributed to the active transitions
involving 3d levels in Al** ions and the strong sp-d
exchange interaction between the traveling "sp" carriers
(band electrons) and the localized "d" electrons of the
dopant. The narrowing of optical the band gap not only
aligns with these studies but also suggests potential
improvements in electrical conductivity, as a reduced
bandgap facilitates easier electron transitions, thereby
enhancing the material's conductive properties. This effect
is crucial for applications where increased electrical
conductivity is desirable, such as in optoelectronic devices.
Fig. 7 illustrates the relationship between the optical band
gap and varying Al doping concentrations. The graph
reveals a linear decrease in the optical band gap as the Al
concentration increases, indicating a direct correlation
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between the two. This linear trend continues up to a
certain maximum doping limit, beyond which the
quenching of the optical band gap stabilizes, suggesting
that further increases in Al concentration may not
significantly impact the optical band gap. This behavior
highlights the importance of optimizing the doping level to
achieve  desired electronic  properties  without
compromising material performance.

3.30 4

3.25 4

3.20 4

3.15 4

Energy Band (eV)

3.10 4

0.0 05 10 15 20 25

Doping (%0)

Fig. 7. Optical Bandgap Vs doping concentration

3.3. Electrical Properties, Sensitivity, Response with
Serum

The significance of the electrical properties of ZnO
films, particularly the relationship between voltage and
current, is illustrated through the I-V curve in Fig. 8(a). As
the voltage increases, the current also increases,
demonstrating a linear behavior. The undoped ZnO film

\Y
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0 20 40 60 SII] 1I;|l] lill 140
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shows a relatively high current of approximately 431 pA at
high voltage, likely due to differences in sample size
dimensions. In contrast, the ZnO film doped with 2.5% Al
exhibits a much smaller increase in current, reaching only
17 pA. This reduction in current with higher Al
concentration suggests that Al doping decreases the film's
conductivity, which may be due to the increased scattering
of charge carriers or changes in the film's crystalline
structure.

Fig. 8(b) presents the resistance of ZnO films over time
with varying Al concentrations. When gas is introduced,
the resistance decreases initially for a few seconds and
then remains constant for about 100-130 seconds. After
this period, the resistance begins to rise, eventually
returning to or even exceeding its original value within the
next 100 seconds. This behavior is consistent with the
findings [28], who observed similar transfer
characteristics in ZnO and Al-doped ZnO (AZ0) channels in
EDL-gated TFTs. The initial decrease in resistance could be
due to the adsorption of gas molecules on the film's
surface, which facilitates charge carrier movement. As the
gas is desorbed or reacts with the surface, the resistance
increases, restoring the film to its original state. The
variation in resistance over time highlights the dynamic
interaction between the ZnO film and the surrounding
environment, which is influenced by Al doping levels.

From the observations in Fig. 9(a), it is evident that 2%
Al-doped ZnO maintains consistently higher sensitivity
compared to other doping concentrations.
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Fig. 9. Nature of (a) sensitivity at 25 pl with different doped of Al and (b) Resistance of undoped ZnO of 25 pl, 50 pl, 75 pl and 100 pl blood serum at 60

°C

Notably, 2.5% Al-doped ZnO initially exhibits similar
sensitivity levels within the first 40 seconds but does not
sustain this over time. In contrast, 1% Al-doped ZnO shows
lower sensitivity throughout the experiment. This suggests
that as the concentration of Al doping increases, the
sensitivity of the ZnO film generally improves, likely due to
enhanced surface reactivity and charge carrier dynamics.
However, the optimal doping concentration appears to be
around 2%, beyond which the benefits may diminish or
plateau. The higher sensitivity of 2% Al-doped ZnO, as
observed in the experiment, is likely due to enhanced

surface reactivity and optimal charge carrier dynamics at
this concentration. Al doping increases the number of
active sites on the ZnO surface, facilitating better
interaction with the gas molecules (in this case, blood
serum). This improves gas adsorption and desorption
processes, leading to a more efficient sensing response.
This behavior indicates that there is an optimal doping
level (around 2%) where the balance between enhanced
surface reactivity and minimal charge carrier scattering
results in the highest sensitivity.
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Also, Fig. 9(b) illustrates the resistance behavior of ZnO
films over time when exposed to different volumes of
blood serum. Initially, there is a noticeable decline in
resistance as the blood serum interacts with the sensing
device. This drop in resistance during the initial time
intervals could be due to the adsorption of biomolecules
from the serum onto the ZnO surface, which facilitates
charge transfer and reduces resistance. The resistance
then stabilizes and remains steady until approximately
250 seconds, after which it begins to increase as the gas is
passed out of the system. This increase in resistance could
indicate desorption of the serum or a reduction in the
availability of charge carriers as the interaction between
the serum and the ZnO surface diminishes. These
observations underscore the dynamic and time-dependent
nature of the sensing mechanism, where the optimal
sensitivity and resistance response are influenced by both
Al doping concentration and the interaction with the blood
serum.

In Fig. 10(a), the response of 25 pl blood serum is
analyzed at three different temperatures: 60°C, 80°C, and

E
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a - - 600
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= -_'-‘__————/\ .\
| —
0 100 200 300 400
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Fig. 10. Sensitivity of (a) undoped ZnO at 60°C Al-doped ZnO and (b) response

Fig. 10(b) focuses on the response of 1% Al-doped ZnO
to 25 pl blood serum at the same temperatures. At 60°C,
the ZnO film demonstrates a strong response to serum
sensing, with the sensitivity rapidly increasing in the first
few seconds and reaching a peak value of nearly 12.
However, after reaching this peak, the response begins to
decline, indicating that the sensor has reached its
maximum sensitivity at this temperature and is now
experiencing a reduction in active interaction. In contrast,
at 80°C and 100°C, the response of the 1% Al-doped ZnO is
significantly lower. This suggests that 60°C is the optimal
temperature for serum sensing with this specific doping
concentration, as higher temperatures may lead to faster
desorption or degradation of the serum-ZnO interaction,
resulting in reduced sensitivity.

4. Conclusion

This study provides a comprehensive analysis of

aluminum-doped zinc oxide (ZnO) thin films, focusing on
their optical, electrical, and gas-sensing properties. The
optical analysis revealed that higher aluminum doping levels
enhance the transmittance of ZnO films, with 2.5% Al-doped
ZnO exhibiting the highest transmittance of approximately

100°C. The sensitivity across all blood serum
concentrations initially rises for the first 40 seconds,
indicating an active interaction between the serum and the
sensing material. After this initial increase, the sensitivity
stabilizes, maintaining a constant level for the majority of
the observed time period, which spans approximately 200
seconds. This stability suggests that the sensor reaches a

saturation point where the interaction between the
blood serum and the ZnO film remains consistent.
Although not shown in the graph, it is noted that sensitivity
eventually begins to decrease after this period, likely due
to desorption processes or a reduction in active binding
sites on the ZnO surface. Blood serum is used because it
contains a range of biomolecules, including proteins and
enzymes, which can interact with specific gases or volatile
organic compounds (VOCs). These interactions can be
detected and measured using biosensors. In particular,
hemoglobin and other blood components can bind to gases
like oxygen, carbon dioxide, and carbon monoxide, making
blood a potential medium for detecting gas concentrations.
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at different temperature with 1% Al doped ZnO and 25 pl blood serum

85%. The refractive index and extinction coefficient analysis
further confirmed that higher doping levels reduce light
scattering and absorption, resulting in superior optical
properties.The electrical characterization indicated that
aluminum doping decreases the conductivity of ZnO thin
films. The I-V measurements showed that undoped ZnO
films exhibit higher currents compared to Al-doped films,
with the 2.5% Al-doped ZnO displaying the lowest current
values. The gas sensing experiments demonstrated that the
sensitivity of ZnO thin films to blood serum varies with
aluminum doping concentration and temperature. Notably,
2% Al-doped ZnO films exhibited consistently higher
sensitivity, suggesting an optimal doping concentration for
gas sensing applications.
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