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Optoelectronic Characteristics of
Al;O3/Si Multilayer Structures
Fabricated by DC Reactive
Sputtering Technique

In this work, optoelectronic characteristics of Al,O3/Si multilayer structures were
presented and analyzed. These structures were prepared by dc reactive sputtering
technique with different thicknesses of Al,O3 layer (200, 250, and 325 nm). The 200-
nm sample showed the highest current levels. The samples with 200 and 250 nm
thickness exhibit a much more pronounced photoresponse, while the 325-nm sample
shows a higher dark current to begin with. Similarly, the same samples (200 and 250
nm) show remarkably similar behaviors of spectral responsivity (R,), both peaking
around 0.38 A/W in the NIR region (800-850 nm), while their responsivity is relatively
low in the visible range (400-700 nm), but shows a sharp increase beyond 750 nm.
This suggests that for these deposition times, the Al,O3 layer allows for effective
photon absorption in the Si substrate at longer wavelengths. In contrast, the 300-nm
sample exhibits significantly lower responsivity values, with the peak responsivity
reaching 0.0038 A/W. This drop in responsivity indicates that the thicker Al,O; layer
impedes the photo-generation and collection of carriers. The behaviors of the external
quantum efficiency (EQE) and specific detectivity (D°) were similar to that of the
spectral responsivity. The EQE was peaking at ~55-56% around 850 nm, while the
specific detectivity was peaking at approximately 0.55x10'? Jones around 850 nm for
both 200 and 250-nm samples.
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like pulsed-laser deposition (PLD), atomic layer

Multilayer structures fabricated from  deposition (ALD), chemical vapor deposition (CVD),
nanostructures on silicon substrates are critical in and reactive sputtering [21-24]. For optoelectronic
numerous practical applications, particularly in  applications, Al2Os thin films are valued for their high

microelectronics and optoelectronics [1-3]. Silicon,
being a mature and widely used semiconductor,
provides a robust platform for integrating various
functional layers [4,5]. By depositing nanoscale layers
of different materials, such as oxides, nitrides, or
metals, precise control over the overall device
characteristics can be achieved. These multilayer stacks
enable functionalities like enhanced light absorption or
reflection, improved electrical insulation, optimized
charge transport, and superior protection against
environmental  degradation.  Examples include
advanced gate stacks in transistors for higher
performance, anti-reflection coatings on silicon solar
cells for increased efficiency, and complex optical
filters for sensing applications [6-10]. The ability to
engineer properties at the nanoscale within these
multilayer architectures is fundamental to the continued
advancement of high-performance electronic and
photonic devices [11-15].

Aluminum oxide (AlOs3), commonly known as
alumina, is a material with diverse applications due to
its excellent optical, electrical, and mechanical
properties [16-18]. In nanostructured forms, Al203
exhibits enhanced characteristics suitable for various
fields, including optoelectronics [19,20]. Preparation
methods for Al20; nanostructures include techniques

ISSN (print) 1813-2065, (online) 2309-1673

© ALL RIGHTS RESERVED

transparency across a wide spectral range, high
dielectric constant, and good insulating properties.
These characteristics make them ideal for use as gate
dielectrics in thin-film transistors, passivation layers in
solar cells, and protective coatings for optical
components [25,26]. Their stability and tunable
refractive index also contribute to their importance in
fabricating anti-reflection coatings and waveguides in
integrated optical devices [27,28].

DC reactive magnetron sputtering is a versatile and
reliable technique for preparing thin films, including
nanostructured  Al20s3.  This method involves
introducing a reactive gas, such as oxygen, which reacts
with the sputtered target material to form a compound
film [29-32]. A key advantage of DC reactive
sputtering lies in its ability to precisely control the
film's properties by optimizing parameters like oxygen
partial pressure, DC power, working gas pressure, and
substrate temperature [33,34]. This fine control is
particularly beneficial for fabricating multilayer
structures, where distinct layers with tailored
compositions and properties are required [35]. By
sequentially depositing different materials or varying
reactive gas compositions, sophisticated multilayer
stacks can be achieved, enabling the creation of
advanced devices with enhanced functionalities [36].
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The technique allows for the deposition of a wide
variety of compounds, offering broad applicability
[37,38].

2. Experimental Part

A dc reactive sputtering system was used to deposit
Al>,O3 thin films on silicon substrates with different
thicknesses. The film thickness was determined by the
deposition time of the AlLO; layer. A highly-pure
(99.99%) target of aluminum was sputtered in presence
of oxygen with mixing ratio of 50:50 with argon in the
gas mixture. The target and silicon substrates were
thoroughly cleaned and dried before the deposition
process. The target was maintained carefully on the
cathode and the deposition chamber was initially
evacuated to 0.001 Torr. The plasma column was
generated by electrical discharge of argon as a high dc
voltage (up to 5 kV) was applied between the
electrodes. The deposition process was carried out at
room temperature, the discharge voltage during
operation was 650-700 V, and the discharge current
was kept at 25 mA. The deposition times were 60, 90
and 120 min. and the inter-electrode distance was 4 cm.
The optimum discharge current was determined
according to the stability of the discharge plasma and
the pressure of gas mixture was about 0.15 mbar. The
flow rate of the gas mixture into the deposition chamber
could be precisely controlled, and the temperature
inside the chamber was measured by a precision
thermometer. The gas mixer was supplied with argon
and oxygen gases from gas cylinders and the mixing
ratio was controlled by fine needle valves. More details
on this sputtering system can be found elsewhere [39-
42]. The film thickness measurements were carried out
using the optical interferometry method. This method
is based on the interference of a coherent light beam
reflected from a thin film surface and substrate bottom,
with error rate of about 3%. A 630nm diode laser was
used as a light source and the film thickness was

determined using the following formula:
Ax A

d= —3 (1
where x is the fringe width, Ax is the distance between
two adjacent fringes, and A is the laser wavelength

The electrical and optoelectronics characteristics
were determined throughout the current-voltage
characteristics, photocurrent as a function of applied
reverse voltage, spectral responsivity, external

quantum efficiency, and specific detectivity.

3. Results and Discussion

Figure (1) illustrates the current-voltage (I-V)
characteristics of the Al,O53/Si structures prepared with
different thicknesses of the Al,O3 layer (200, 250, 325
nm). A clear trend emerges as the deposition time, and
presumably the film thickness, increases. Figure (1a)
shows the highest current levels, reaching
approximately 190 pA in forward bias at 5V and about
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—120 pA in reverse bias at -5V. As the AlOs layer
thickness was increased to 250 nm, (Fig. 1b), the
current significantly decreases, with forward current
reaching only about 40 pA and reverse current around
=7 nA at 5V and -5V respectively. The most dramatic
reduction in current is observed in Fig. (1¢), where the
current levels are substantially lower, peaking at just
over 10 pA in forward bias and remaining very close to
zero in reverse bias. This progressive decrease in
current with increasing Al,Os layer thickness suggests
that thicker ALO; layers act as more effective
insulating barriers, reducing leakage current and
enhancing the rectifying behavior of the Al03/Si
junction. The transition from a more resistive behavior
at 200 nm to a more insulating behavior at 325 nm
highlights the crucial role of AL,Os film thickness in

controlling the electrical properties of these
heterostructures.
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Fig. (1) The I-V characteristics of the AlLOs/Si structures
prepared with different thicknesses of ALLO; layer (a) 200nm, (b)
250nm, and (c) 325nm

Figure (2) illustrates the photocurrent response of
the prepared Al>O3/Si structures under both dark and
illuminated conditions. It displays the photocurrent
(nA) as a function of reverse voltage (V). In Fig. (2a),
under dark conditions, the photocurrent remains very
close to zero, reaching approximately —10 pA at -5V.
Upon illumination, the photocurrent significantly
increases, reaching approximately —60 pA at -5V.
Figure (2b) shows a similar trend but with significantly
lower current magnitudes. Under dark conditions, the
photocurrent is nearly zero, reaching about —0.4 pA at
-5V. With illumination, the photocurrent increases,
reaching around —1.1 pA at -5V. Figure (2c) presents a
different behavior compared to the first two. Here, the
dark current is more substantial, reaching
approximately —135 pA at -5.5V. Under illumination,
the photocurrent is higher than the dark current, but the
difference between the two curves appears less
pronounced in terms of relative increase compared to
the first two figures, reaching about —105 pA at -5.5V.

Comparing the three figures, there's a clear
variation in the scale of the photocurrent, which
suggests differences in the device's photosensitivity or
characteristics across samples. The samples of 200 and
250nm AlO; layer thickness exhibit a much more
pronounced photoresponse, where illumination leads to
a significant increase in current from a near-zero dark
current. In contrast, the sample with 325nm Al,O; layer
thickness shows a higher dark current to begin with,
and while illumination still increases the current, the
overall shape and magnitude of the curves indicate
distinct electrical properties, possibly due to variations
in material properties or device architecture.
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Fig. (2) The variation of photocurrent with applied reverse
voltage in dark and under illumination for the AlLOs/Si
structures prepared with different thicknesses of Al,O; layer (a)
200nm, (b) 250nm, and (c) 325nm

Figure (3) illustrates the spectral responsivity as a
function of wavelength for the Al,O3/Si structures with
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varying Al,O3 layer thickness. A striking difference in
responsivity magnitude is immediately apparent across
the samples. The samples with 200 and 250nm
thicknesses show remarkably similar responsivity
curves, both peaking around 0.38 A/W in the near-
infrared region (approximately 800-850 nm). Their
responsivity is relatively low in the visible range (400-
700 nm), typically below 0.15 A/W, but shows a sharp
increase beyond 750 nm. This suggests that for this
thickness range, the Al,Os3 layer allows for effective
photon absorption in the silicon substrate at longer
wavelengths. In stark contrast, the sample with 325 nm
AlO; layer exhibits significantly lower responsivity
values, with the peak responsivity barely reaching
0.0038 A/W (or 3.8 mA/W). This substantial drop in
responsivity for the 325nm sample indicates that the
thicker AlOs layer, while potentially improving
insulation as seen in previous I-V curves, severely
impedes the photogeneration and collection of carriers.
This could be due to increased absorption within the
ALOj; layer itself, a higher density of defects at the
interface, or a greater barrier to carrier transport, thus
limiting the device's performance as a photodetector.
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Fig. (3) The variation of spectral responsivity with wavelength for
AL O5/Si structures prepared with different thicknesses of Al,O;
layer (200, 250, and 325nm)

Figure (4) presents the external quantum efficiency
(EQE) as a function of wavelength for the prepared
Al,O3/Si structures. A clear trend in the magnitude and
spectral distribution of EQE is observed with varying
Al,Os3 layer thickness. The first two samples (200 and
250 nm) exhibit remarkably similar EQE
characteristics. Both show a relatively low EQE in the
visible range (around 5-20%), but a significant increase
in the near-infrared region, peaking at approximately
55-56% around 850 nm. This suggests that for this
thickness range, the Al,Os3 layer allows for efficient
photon absorption in the silicon substrate at longer
wavelengths. In contrast, the sample with 325nm Al,O3
layer thickness displays a drastically different and
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much lower EQE profile. The peak EQE for this sample
is only about 0.52% (or 0.0052), which is orders of
magnitude lower than the peaks observed in the first
two samples. While it still shows some spectral
dependence, the overall efficiency is severely
diminished across the entire measured wavelength
range. This substantial reduction in EQE for the thicker
Al,O3 layer (325nm) indicates that while a thicker layer
might improve insulation, it significantly hinders the
generation and collection of photocarriers, likely due to
increased optical absorption within the ALOs3 film
itself, or a higher density of interface defects that act as
recombination centers, thus severely limiting the
device's performance as a photodetector.
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Fig. (4) The variation of EQE with wavelength for Al,Os/Si
structures prepared with different thicknesses of ALO; layer
(200, 250, and 325nm)

Figure (5) illustrates the specific detectivity (D”) as
a function of wavelength for the prepared Al,Os/Si
structures. A clear and consistent trend in detectivity is
observed across the samples, mirroring the previously
discussed spectral responsivity. The first two samples
(200 and 250 nm) exhibit very similar behaviors of
detectivity, both showing relatively low values in the
visible range and a sharp increase in the NIR region,
peaking at approximately 0.55%10'2 Jones around 850
nm. This indicates that for these deposition times, the
Al>O3/Si structures are most sensitive to light in the
NIR region, which is characteristic of silicon-based
photodetectors. In stark contrast, the sample with
325nm AlLO; layer thickness displays significantly
lower detectivity values across the entire spectrum. The
peak detectivity for this sample is only about
0.0055x10'2 Jones, which is two orders of magnitude
lower than the peaks observed in the first two samples.
This substantial reduction in detectivity for the thicker
Al,O3 layer (325nm) confirms that while a thicker layer
might improve insulation, it severely degrades the
overall signal-to-noise ratio (SNR) and thus the ability
of the device to detect weak optical signals. This

PRINTED IN IRAQ 156



IRAQI JOURNAL OF APPLIED PHYSICS
Vol. 22, No. 2, April-dune 2026, pp. 153-158

suggests an optimal AlO;3 layer thickness exists for
maximizing photodetection performance in these
AlO3/8S1i structures.
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Fig. (5) The variation of specific detectivity with wavelength for
AL O5/Si structures prepared with different thicknesses of Al,O;
layer (200, 250, and 325nm)

4. Conclusion

The Al203; layer thickness is a critical factor
dictating the electrical and optoelectronic performance
of Al205/Si structures. Thicker Al2O3 layers (e.g., 325
nm) improve insulating properties by significantly
reducing leakage current, however, they severely
degrade photodetection capabilities, leading to
diminished photocurrent, responsivity, external
quantum efficiency, and detectivity. Conversely, an
Al20; thickness in the 200-250 nm range appears
optimal, offering a balanced performance with strong
photoresponse, high NIR sensitivity (peaking around
800-850 nm), and superior specific detectivity,
characteristic of efficient silicon-based photodetectors.
This highlights a clear trade-off between insulation and
light-detection efficiency.
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