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Abstract

Multilayer thin films of a-Si/Si, a-Si/Ag, and a-Si/Al/Ag were prepared on quartz substrates via thermal evaporation
techniques followed by annealing at 500°C for one hour at low vacuum. The thermal, optical, and electrical measurements
were investigated using TGA, U-V spectrophotometer, and RLC circuit. The results showed an oxidation occurrence during
annealing for all samples. The results of the optical properties, such as the extinction coefficient and refractive index, revealed
enhancements attributable to oxidation and the transition is direct to the band gap around 1.5 eV. The electrical properties
were assessed by analyzing AC conductivity within the frequency range of 100 Hz to 500 kHz across different temperatures
(300 to 370 K)., The results of AC indicate the presence of two conduction mechanisms -hopping and tunneling- dependent
on frequency, temperature, and oxidation. Additionally, the I-V characteristic curves of the samples exhibited ohmic behavior,
with resistance decreasing under light illumination suggesting potential applications in optoelectronic devices.
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1. Introduction

Optoelectronics is a rapidly advancing field, pivotal in the development of cutting-edge technologies such as
telecommunications and solar energy harvesting. The pursuit of advanced materials for optoelectronic
applications has gained considerable attention in recent years, driven by the need for improved performance and
new functionalities [1,2]. This field enables the creation of high-speed, high-performance devices including lasers,
radiation detectors, optical modulators, and displays [3].

A particularly promising area of research involves amorphous silicon-metal multilayers, which exhibit
exceptional optoelectronic properties. These multilayer structures are valued for their ability to control light-
matter interactions and their tunable optical and electrical properties, making them ideal for applications in
photonics, sensing, and energy conversion. However, the performance and stability of these multilayers are
highly dependent on their fabrication methods and external factors such as oxidation. Exposure to oxygen-rich
environments can alter the optical and electrical properties of the materials, impacting device performance.
Therefore, understanding the oxidation mechanisms and their effects on amorphous silicon-metal multilayers is
crucial for optimizing performance and ensuring long-term reliability [4,5].

Optoelectronic devices made from amorphous silicon-metal multilayers can be fabricated using various
methods, including chemical vapor deposition (CVD) and physical vapor deposition (PVD). The PVD technique,
in particular, allows for precise control over the thickness and composition of each layer within the multilayer
stack [6], which is essential for achieving the desired optical response. The combination of amorphous silicon
with metals like aluminum (Al) and Tin (Sn) was deposited on quartz substrate by thermal evaporation deposition
[7-9]. Silicon serves as a spacer layer, influencing the propagation length and confinement of surface plasmons
on metal surfaces [10]. Metals like Al and Ag exhibit strong plasmonic resonances in specific wavelength ranges,
and incorporating them into the multilayer can tailor the overall plasmonic response of the device [11,12].

Hopping and tunneling mechanisms are critical for understanding charge transport in these structures. Hopping
refers to the movement of charge carriers (electrons or holes) in disordered systems by jumping between
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localized states, which is essential in amorphous materials and disordered semiconductors [13,14]. Tunneling,
a quantum mechanical phenomenon, involves particles passing through a potential barrier they classically could
not overcome and is vital in many nanoscale electronic devices [15].

In this paper, the optoelectronic properties of silicon-aluminum-silver multilayers prepared by the thermal
evaporation technique at the high vacuum are investigated.

2. Experimental
2.1. Materials and preparation methods

High-purity pellets of Si, Ag, and Al (99.99% purity) were obtained from Sigma-Aldrich. These metal layers
were deposited onto a silicon substrate using the thermal evaporation technique. The deposition was carried out at
a high vacuum maintained at 2x10° mbar. This procedure produced multilayers of varying thicknesses of 108 nm.
The thickness of each layer was measured using a quartz crystal monitor (MAXTEK INC TM-100), which
recorded thicknesses for Si/Si (40nm), Si/Ag (75nm), and Si/Al/Ag (108.5nm). Following the deposition process,
all multilayers were annealed in a vacuum of 2x103 mbar at 500 °C for one hour, see Fig. (1).
2.2. Measurements

The prepared samples were rigorously examined using several techniques. (EDX), QUANTA FEG 250
instrument, energy dispersive x-ray spectroscopy have been used to identify the elements present in samples. The
TGA of the mass spectrometer measures mass changes, the samples have been tested thermally from 40 °C up to
1000 °C with a heating rate of 10 °C/min for multilayers, TGA experiments were carried out by Netzsch (STA
449C and QMS 403C).
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Fig. 1 Process and underlying mechanism for the creation of polycrystalline silicon thin films, utilizing a triple wire boat
within a thermal vacuum evaporation system, annealing unit, and surface plasmons.

UV-VIS spectrophotometer (JASCO V-570) was utilized, covering a spectral range from 200 to 1100 nm to
understand the optical characteristics of the films. AC conductivity measurements were performed PM6304
programmable automatic RCL (Philips) meter is used to determine dielectric and electrical measurements. It
involved a cell comprising two probe electrodes and a nickel-chrome resistance heater within a range of 300 -
373 K, with frequency ranges between 100 HZ and 500 kHz. Current-voltage characteristics of the devices were
measured using a two-electrode method with a Keithley Source Meter (type 2420), the samples were sandwiched
between two brass electrodes.

3. Results and Discussion

Fig. (2) shows the EDX pattern displays Si/Si, Si/Ag, and Si/Al/Ag films, deposited on the quartz substrates
and annealed at 500°C for one hour. The information obtained from the EDX analysis is presented in Table 1. It
is seen that the appearance of oxygen content is due to oxidation of the samples during annealing suggesting that
partial vacation which allows oxygen to penetrate samples causes an eutectic phase transition of various SiO»
phases as the following reaction Eq. (1)

Si+ 0, — Si0: @
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Table (1): elements percentages of Si/Si, Si/Ag, and Si/Al/Ag multilayers.

Element Si/Si Si/Ag Si/AVAg
Si 41.85 39.84 32.92
Weight % Al - - 4.13
Ag - 123 335
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Fig. 2 EDX pattern for Si/Si, Si/Ag, and Si/Al/ Ag multilayers annealed at 500 °C.

The TGA curves of Si/Si, Si/Ag, and Si/Al/ Ag multilayers are shown in Fig (3) which exhibit characteristic steps
corresponding to the oxidation. The TGA analysis was used to study the thermal stability of our samples and
determine the change in mass of the Si/Al/Ag multilayer as a function of temperature. To elucidate the kinetics of
oxygen absorption in free-standing Si/Si, Si/Ag, and Si/Al/Ag layers, the mass increase was observed over 380
°C and 513 °C for all samples. For Si/Al/Ag multilayers, the TGA curve would typically show weight gain due to
more oxidation, especially of the aluminum layer, as it forms aluminum oxide (Al>O2) when exposed to oxygen at
elevated temperatures. This oxidation process often occurs in multiple stages, starting with the surface oxidation
and potentially progressing to deeper layers if the temperature is sufficiently high. The effects of oxidation have
been confirmed by EDX and FT-IR as shown in data of EDX, revealing the formation of different SiO> phases
(see Eq.1) and O-H group in FTIR analysis, see our previous work [16,17].
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Fig. 3 Thermo gravimetric analysis (TGA) isotherms of oxygen absorption at different temperatures for Si/Si, Si/Ag, and
Si/Al/Ag.

The transmittance spectra of the multilayers annealed at 500 °C for one hour, in the wavelength range of 200—
1100 nm are shown in Fig. (4). The values of transmittance for Si/Si samples increase by incorporation of Ag and
Al metals due to the oxidation of Ag and Al in addition to Si as a result of the appearance of localized surface
Plasmons [18] Surface plasmon resonance (SPR) is a phenomenon that occurs where electrons in a thin metal
sheet become excited by light. Therefore, the maximum transmittance spectra for such multilayers are
conditioned by the existence of bulk absorption modes according to their dispersion equation.

The absorption spectrum of multilayers is shown in Fig. (5). The absorbance positions appeared for Si/Si, Si/Ag,
and Si/Al/Ag multilayers The values of transmittance for Si/Si samples decrease by incorporation of Ag and Al
metals due to the oxidation of Ag and Al in addition to Si as a result of the appearance of localized surface
Plasmons [19]. Therefore, the maximum transmittance spectra for such multilayers are conditioned by the
existence of bulk absorption modes.
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Fig. 4 Optical transmittance spectrum of samples Si/Si, Si/Ag, and Si/Al/Ag.
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Fig. 5 Absorbance spectra of Si/Si, Si/Ag, and Si/Al/Ag multilayers.
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To determine the direct optical band gap, (ahv)? is plotted verse the photon energy (h ), as seen in Fig. (6.a).
The direct optical band gap value is determined by extrapolating the linear fitted lines on the higher axis in these
data points and tabulated in Table (2). It is observed that the optical band gap values are 1.50, 1.6, and 1.53 eV
for (Si/Si), (Si/Ag), and (Si/Al/Ag), respectively. The variations in band gap values for doped a-Si occur because
the introduction of dopants alters the electronic structure. The changes depend on the concentration of the dopant
and whether it introduces new energy levels within the band gap. The band gap of the material could potentially
be increased or decreased based on the influence of doping on its electronic structure and the duration of
annealing.

The Urbach energy E, was determined employing the subsequent [20]eq. (2).
o=ao exp(hv/Ey) ?2)

where o is the absorption coefficient and  is a constant,h Planck constant and v is the frequency. Fig. (6. b)
illustrates the dependence of Ln () on (hv). The values of were calculated by fitting eq (2) and shown in
Table (3). This indicates that the degree of structural disorder of nanocomposites has increased. Hence, it
contributes to the localized states increasing and the optical band gap decreasing. The enhancement in prepared
samples properties is reported in Table (2).

Table (2) Optical band gap values and Urbach energy for Si/Al/Ag multilayers.

Direct Band Gap Urbach
Sample () energy ( )
Si/Si 1.5 60
Si/Ag 1.6 60
Si/Al/Ag 1.53 70
33200 — - T - T
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Fig. 6 Dependence of (a) ahv2 and (b) (Ina) vs (hv) of multilayers Si/Si, Si/Ag, and Si/Al/Ag.
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Fig. 7 shows an estimated extinction coefficient for the thin films of Si/Si, Si/Ag, and Si/Al/Ag. Calculation of
the extinction coefficient was done using the measured absorption spectrum[21]:

K= / 3)
where is the measured absorption.

Fig.7 shows the extinction coefficient (K) values as a function of wavelength for Si/Si, Si/Ag, and Si/Al/Ag
multilayer films. It is clear that the values of K are decreasing by adding Ag and Al on the Si layers due to
decreasing in the absorption coefficient (see Fig.6). Since the light travels through these different layers,
reflections occur at each interface, which leads to decreasing the absorption coefficient. For Si/Si films, the large
band gaps of silicon, aluminum, and silver oxide multilayers require higher energy to excite electrons across the
band gap, resulting in lower K values. Additionally, the interfaces between layers can reduce scattering losses,
potentially decreasing the overall extinction coefficient. In contrast, for the Si/Ag and Si/Al/Ag samples, the
extinction coefficient decreases because these materials possess smaller band gaps, allowing electrons to be
excited with minimal energy. Consequently, the refractive index of these samples increases, enhancing their
optical properties due to the presence of silicon, aluminum, and silver with their lower energy requirements for
electron excitation.

Fig. (8) shows the refractive index of the prepared samples as a function of wavelength for Si/Si,
Si/Ag, and Si/Al/Ag multilayers. The low n value for Si/Ag and Si/Al/Ag multilayers is due to their free electron
contribution to the optical response. Metals are highly reflective and their free electrons can screen the electric
field of light, reducing the effective refractive index. The optical dispersion parameters such as E , (the average
energy gap), Ea (the dispersion energy), and n, (the refractive index at infinite wavelength) are crucial for
understanding the optical properties of multilayer materials. These parameters can be obtained using methods like
spectroscopic ellipsometry or fitting the optical spectra to models such as the Wemple-DiDomenico single-
effective oscillator model. The specific values for Si/Si, Si/Ag, and Si/Al/Ag oxide multilayers will depend on
various factors, including layer thickness, interface quality, fabrication methods, and the presence of oxide layers
[22].
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Fig. 8 The extinction coefficient spectrum of Si/Si, Si/Ag, and Si/Al/Ag multilayers.

The refractive index below the inter-band absorption edge according to the Wemple-Di Domenico single
oscillator model [23] is given as follows:

"= @
where Eoand Eq are the single-oscillator energy and dispersion energy parameters respectively. By plotting (n? —1)
“l'vs (hv) % and fitting the data, a straight line is obtained as shown in Fig. (9), E, and Eq are determined directly
from the gradient, (n> — 1) ~! and the intercept (Eo/Eq), on the vertical axis [24]. The single-oscillator parameters
for the thin films have been calculated and discussed in terms of the Wemple-Di Domenico model. From Equ.4
one can calculate the no the static refractive index.

w0 e

Ed values changees with changing the metals, and the rise in Ey values are due to the different metals in the
multilayers which are given in Table (3) [25].

Table (3): The optical dispersion parameters of Si/Si, Si/Ag, and Si/Al/Ag multilayers

Sample o) (@) 0
Si/Si 1.79 4.65 1.89
Si/Ag 0.96 4.5 2.38
Si/Al/Ag 0.95 4.4 2.37
- : ’ —si'si
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Fig. 9 Reflective index as a function of optical wavelength for Si/Si, Si/Ag, and Si/Al/Ag multilayers.

Egypt. J. Chem. 68, No. § (2025)



478 H. El-Desouky et al

-~ SIS
Si/Ag
Si/AI/Ag

(n2-1y"

(ho)? (ev)?

Fig. 10 The relation between (n?> — 1)™1 versus (hv)2 for Si/Si, Si/Ag and Si/Al/Ag.

Temperature dependence of AC conductivity:

The temperature dependence of the total AC conductivity (cwwi(®)) at various frequencies for the deposited
multilayers of Si/Si, Si/Ag, and Si/Al/Ag is illustrated in Fig (10). It is clear that the total conductivity increases
with increasing the temperature of the different samples. The shape of the curve suggests two different regimes
with different activation energies the first with low temperature dependence and the other with high temperature
dependence. The activation energy, , for AC conduction was determined using the Arrhenius equation Equ. (6)
and the least squares method[26]. The calculated activation energy values are listed in Table 4.

= (—) 6

where A is the pre-exponential factor and is the activation energy, and is the Boltzmann constant.
Additionally, the conductivity values of all samples show changes with temperature, indicating a phase transition
within the measured temperature range. This reveals two distinct regions at relatively low and high-temperature
ranges respectively. It is also noted that the activation energy in the first region, A  lies in the range of 0.7-1.9
eV, and the second region from 2.2 to 1.2 eV. The behavior of the activation energy values across these two
conduction regions does not exhibit regular changes with the variation in elements as a result of the oxidation
process and eutectic phase transition [27].
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Table (4): Obtained values of the activation energy of the AC conductivity for Si/Si, Si/Al, Si/Ag, and Si/Al/Ag multilayer
films at different frequencies.

479

Sample 10KHz 50KHz 500 KHz 10 KHz 50 KHz 500 KHz
AEaq, eV AEac2, €V

Si/Si 0.96 0.95 0.741 227 2.4 222

Si/Ag 0.65 0.69 0.5 23 2.13 2.1

Si/Al/Ag 2.19 2.1 1.91 1.9 1.7 1.2

Frequency dependence of total Conductivity of Si/Al/Ag multilayers:

The AC conductivity oac(w) for all the amorphous semiconductors increases with frequency, Fig. (11)
illustrates the frequency dependence on total electrical conductivity for Si/Si, Si/Ag, and Si/A/Ag multilayers
over a temperature range of 303 to 373 K and a frequency range of 100 Hz to 500 kHz. At low frequencies, the
conductivity represents opc, and as the frequency increases, it shows the frequency dependence of cac for all
samples. There is a clear, sharp linear increase with frequency, attributed to the increased mobility of charge
carriers. This behavior adheres to the universal power law [28,29],

()= + O)

where is the direct current conductivity, A is frequency independent pre-exponential factor, is the angular
frequency and s is the angular frequency power. The conductivity increases with increasing frequency, the same
behavior of the frequency dependence of cac(w) was obtained for all the investigated samples. The general
behavior of ol versus frequency can be explained by Equ. (7), where the second term () dominates at the
higher frequency range. The values of s have been determined by the least square fitting and listed in Table (5).
Fig. (12) shows the temperature dependence of s power, the behavior for Si/Al/Ag is a sharp decrease followed
by a sharp increase which agrees with the tunneling effect behavior. As temperature increases, the vibrations of
atoms within the material also increase, leading to a higher probability of electron tunneling between energy
levels [30]. On the other hand, Si/Ag and Si/Al/Ag decrease with increasing temperature, the S power of the
conduction mechanism can be understood based on the correlated barrier hopping model (CBH) where (0.5
< < 1), when S greater than 1 refer to tunneling model, the exponent S decreases with increasing 7 according
to the Equ. (8) [31,32].

=1-[—] ®

where W)y is the maximum barrier height.

In disordered systems, the AC conductivity often arises from the hopping of charge carriers between localized
states. The frequency dependence can be understood in terms of the time scale for hopping. At higher frequencies,
the charge carriers can respond more quickly, leading to increased conductivity [33].

The S value of (0.2) for (Si/Si, Si/Ag) suggests that the material has a relatively low level of disorder and that
the charge carriers face lower energy barriers for hopping or tunneling. Such low S values are often observed at
lower frequencies where long-range hopping or tunneling processes dominate. The temperature dependence of
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the AC conductivity can also influence the S value. At higher temperatures, thermal activation may reduce the
dominance of low-energy hopping or tunneling, potentially altering the S value [34, 35].

When the S value is about 1.5, it typically indicates a more complex conduction mechanism involving long-
range interactions or correlated hopping processes. This value is higher than 1, which suggests a significant
contribution from interactions between carriers or with the lattice structure [36, 37]. Fowler-Nordheim (F-N)
tunneling is a quantum mechanical tunneling process that occurs at high electric fields, allowing electrons to
tunnel through a triangular potential barrier. It is particularly relevant in thin films, metal-oxide-semiconductor
structures, and field-emission devices. Here's a detailed explanation of the F-N tunneling mechanism which
occurs under the influence of a high electric field, this field distorts the potential barrier making it thinner and
more triangular, which facilitates tunneling. The potential barrier that electrons must tunnel through becomes
triangular due to the applied electric field. The barrier height is determined by the work function of the material,
which is the energy required for an electron to move from the inside of the material to just outside it [38].

Table (5): Extracted values of S for Si/Al/Ag samples multilayers

Temperature Sample/s  Sample Sample

power
T(K) Si/Si Ag/Si  Ag/Si/Al
323 1.16 0.16 2.46
333 1.05 0.22 2.39
343 1.03 0.16 2.39
363 0.98 0.26 2.38
373 0.96 0.29 1.96
—=—303| sissi

0.001

afsem™)

T T
107 107 10% 107 10° 107

afsem)

1074 Si/AllAg

a(sem™)
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Fig. 12 Frequency dependence of the total conductivity ¢ () for Si/Si, Si/Ag, and Si/Al/Ag samples multilayers.
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Fig. 13 Temperature dependence of the power S for Si/Si, Si/Ag, and Si/Al/Ag samples multilayers

Current-Voltage Characteristics of Si/Si, Si/Al, Si/Ag, and Si/Al/Ag Multilayers

Fig. (13) illustrates the current-voltage (I-V) characteristics at room temperature for both dark conditions and
under white light illumination. The I-V curves demonstrate linearity up to an applied voltage of 20 V, indicating
a direct proportionality between current (I) and voltage (V), consistent with Ohm's Law (I V). At low voltages,
the linear region of the I-V curves suggests that the current is primarily governed by carriers generated during
photo-irradiation. This ohmic behavior can be attributed to the assumption that at low voltages, significant carrier
injection from the electrode contact does not occur, and the initial current is dominated by the intrinsic motion of
free carriers. Under standard temperature and pressure conditions, the primary charge carriers in a semiconductor
are generated through light excitation. Silver oxide semiconductor nanoparticles, having a small energy band gap,
require minimal energy to excite electrons from the filled valence band to the empty conduction band. [39, 40].
The resistance in the dark RD and exposure to light RL are 37 and 30 Q respectively. The Photosensitivity was
found to be 1.23.
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Fig. 14 (1.V) characteristic curve for Si/Al/Ag multilayers.

4. Conclusion

The study of amorphous silicon-metal multilayers, composed of silicon, aluminum, and silver, reveals
their potential in optoelectronic applications due to their unique optical and electronic properties. The research
emphasizes the importance of understanding oxidation mechanisms and their impact on the performance and
stability of these multilayer structures. The study reveals that incorporating metals like aluminium and silver into
the silicon matrix can manipulate surface plasmon resonance, leading to Strategies to mitigate oxidation-induced
degradation, such as optimizing the fabrication process and employing protective coatings, are crucial for
enhancing the long-term reliability and performance of amorphous silicon-metal multilayer-based optoelectronic
devices.
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