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Key words The thin films of the system SijoGeioAsxTesox (Wwhere x = 5 and 15)
prepared at 80°C were studied in the temperature ranges of 200, 300,
' and 4000C. The two multilayers of thin films consist of silicon (Si),
optical  band  gap, germanium (Ge), and tellurium (Te) doped with arsenic (As). Annealing
activation  energies, temperature was varied to investigate its effect on the structural and
electrical conductivity, electrical properties of the films. The crystalline structure and the
photoluminescence. influence of annealing on the structure were investigated by X-ray
. diffraction. The X-ray data of films annealed at 400°C illustrated some
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. . doped films was found. It has been shown that with increasing arsenic
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09/ 07 /2025 content in the films, their conductivity also increases. The optical
measurements showed that the optical energy gap Eg decreases
and/or increases upon annealing, while the increase is partially due to
crystallization effects. Regarding the electrical measurements, they
were carried out at different annealed temperatures and annealing
times. The results showed that band gap energy decreases from 2.49
to 1.22 eV with respect to the rise of As content. Moreover, the
incorporation of arsenic leads to a decrease in the activation energies
of crystallization and an increase in the conductivity. The activation
energies of crystallization of the As-(15nm) and As-(45nm)-doped
systems Sil0Ge10AsxTe80-x are 16.9 and 11.5 kl/mol, respectively.

Multilayers  system,

I. Introduction

The non-crystalline state of IR-transmitting materials, such as chalcogenides, is the
subject of deep investigations due to their importance in preparing optical memories and their
optical applications [1,2]. The Si-Ge-As-Te system has special interest due to its phase-
change transition. Bb Various works have reported thermal, electrical, optical, and structural
studies of Si-Ge-As-Te glasses [1,2,3,4,5,6]. Most of these works showed the reversible
switching phenomenon. The phase-change memory material is an important field because of
quicker response, longer life, better scaling ability, and lower power consumption. Si-Ge-As-
Te glasses seem to govern the switching phenomena, namely an amorphous—amorphous
transition. The preparation method for this material therefore plays an important role in the
morphological characteristics and control over the particle size and surface area [7,8]. The
science of this field has contributed to the progress of electronic and optical devices and their
1
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systems, which has had significant impacts on high-level information society [9,10,11].
Nanostructured materials are expected to advance in thermal management, as they are
increasingly used in electronic and optical devices, despite less advanced control of material
properties [12]. Nowadays, quaternary materials have shown more advantages over ternary
alloys due to the doping of appropriate elements. The annealing dependence of optical
parameters of the investigated material could be used for phase change memory devices and
optoelectronics applications [13]. In the present work, preparation and characterization for
multilayers of SiioGeioAsxTegox thin films by simple and low-cost techniques have been
reported and were deposited using an Edwards 306 thermal evaporator under a vacuum of
6x10° mbar on borosilicate glass substrates. The configuration consists of silicon (Si),
germanium (Ge), and tellurium (Te) doped with arsenic (As). The films were characterized by
X-ray diffraction (XRD), conductivity, and optical measurements; after that, the results are
reported and discussed. The main motivation of this work is to enhance the structural,
electrical, and optical properties of Si-Ge-based thin films by doping them with arsenic (As)
and tellurium (Te). The study aims to investigate the effects of annealing temperature and
arsenic concentration on the crystallization behavior, electrical conductivity, and optical band
gap of the films.
Il. Experimental

The materials doped semiconductors are expected to progress in this field, as they have
for electronic and optical devices. The elements tellurium and arsenic have been added to
amorphous elements such as Si and Ge to improve the different properties. Two
configurations of multilayers for thin films of the system SiioGeioAsxTesox (where x =5 and
15) prepared at 80°C were deposited using the Edwards 306 thermal evaporator under a
vacuum of 6x10° mbar on borosilicate glass substrates. The process of measuring film
thickness begins by determining the mass of the evaporated material inside the evaporation
chamber. This determination is based on the equation m=4mpR?t [14], where m is the mass of
the evaporated material, p is the density of the film material, R is half the distance between
the evaporation chamber and the substrate holder where the film deposition occurs, and t is
the estimated film thickness. This equation determines the mass of the material placed in the
evaporation chamber to obtain the desired thickness. The thickness of the sample is
technically calculated by the quartz crystal thickness monitor during the evaporation process.
The configuration consists of Si, Ge, and Te doped with As. The first sample in this
configuration is SizoGe10AssTezs with 15 nm of As is deposited. The thicknesses of the layers
of this sample are 30 nm of Si, 30 nm of Ge, and 225 nm of Te. The second sample is
Si1oGe1AsisTees. In this sample, 45 nm of As is deposited, and the thickness of Te is reduced
to 195 nm. The samples of the two configurations are then annealed under vacuum at an
eutectic temperature of 400 °C to form alloys between the deposited layers. The two samples
were measured by X-ray diffractometer and spectrophotometer for structure analysis and
transmission and absorption, respectively. Moreover, a closed-cycle cryostat was used for
electrical measurements. The sample is maintained between two electrodes as a coplanar
structure attached to a DC voltage of 60 volts. The pressure is about 6x10-3 mbar, depending
on the geometry of the vacuum chamber. The substrate holder is provided by a heating system
to raise the temperature of the sample up to 600°C. The two samples were measured by the
photoluminescence spectrometer to measure the recombination lifetime and the optical
transitions of the prepared samples.
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I11. Results and discussion
a. The X-ray diffraction (XRD)

The structural properties of multilayers for thin films of the system SiioGe10ASxTegox
(where x = 5 and15) prepared at 80°C and annealed at 400°C have been investigated by XRD
as shown in figure (1). The phases that appeared in the X-ray spectra are Ge-Ge(111), Ge-
Ge(200), and Ge-Ge(211). The interplaner distances (d-spacing) have been calculated using
Bragg's equation and are given in table (1). It is clear from X-ray analysis of multilayers for
the system that crystallization effects occur only in the Ge matrix because of the crystallizing
temperature of Ge (about 300°C). It is lower than that of silicon, arsenic, and tellurium (the
annealing temperature was about 400°C while the temperature of crystallization was higher
than that). These results indicate that arsenic and tellurium atoms are located between
crystalline multilayers, those atoms for doped bonds with the surrounding atoms.
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Figure (1): XRD spectra of multilayers for thin films of the system Si10Ge10AsxTeso-x (Where X
=5 and 15) prepared at 80°C and annealed at 400°C for 2 h.

Table (1): The d-spacing of multilayers for thin films of the system SiioGe1oAsxTeso-x (Where
x =5 and 15) prepared at 80 °C after annealing at 400 °C for 2 h.

Phases (20) d-Spacing | h?+k?+I2 | Orientations | Lattice
2Theta (A) constant
(A)
Ge(111) | 26.972 3.302 3 (111) 5.720
Ge(200) | 31.717 2.818 4 (200) 5.636
Ge(211) | 38.460 2.338 6 (211) 5.727

b. Optical properties
In this section, the optical energy gaps Eg and Urbach energy Ey after annealing at
400°C for 2h of the sample multilayers were determined. Figures (2) show the relation
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between (ahv)¥2and (hv) for the samples according to Tauc's relation [15]: (ahv)¥?=B(hv-Eg)
where B is a constant and hv is the photon energy. Figure (3) shows the relation between the
inverse slope of log(a(w)) vs. ho for the samples that according to the relation:
o(w)=acexp[hw/Ey], where the plot will give the Urbach parameter, E,, to quantify the
valence band tail characteristics [15,16,17]. The values of optical energy gap Eq and Urbach
energy Eu deduced from the plots are given in table (2) for the two samples after annealing at
400°C for 2h. The data shows that the optical energy gap decreases while the Urbach energy
increases mainly with raising and/or annealing temperature and due to the increasing doping
of the arsenic (As-doped) with decreasing concentration tellurium (Te) and partially due to
crystallization effects in Ge matrix. The incorporation of arsenic leads to a significant increase
in carrier concentration, indicating that arsenic impurity atoms act as strong donor impurities.
The self-compensation process is causing the (Si-Ge-Te:As) film to be in p-type form, despite
arsenic acting as a co-activation donor [18].
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Figure (2): (ahv)Y?vs. (hv) for SiioGe1oAsxTeso-x (Where X = 5 and15) multilayers of (As-
doped) after annealing at 400°C for 2 h.
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Figure (3): log (o) vs. hv for SiioGe1o0AsxTesox (Where x = 5 and 15) multilayers of (As-
doped) after annealing at 400°C for 2 h.
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Table (2): The optical band gap Eq and Urbach energy, E, for untreated a-Si:H(3nm)/a-Ge:H
multilayers of (As-doped).

Samples (As-doped) | Eg(eV) | Eu(eV)
Si1oGe10AssTers 15nm 2.49 2.17
Si1Ge10As1sTess 45nm 1.22 3.45

c. Electrical properties
i. The effect of material composition and annealing temperature on electrical
conductivity

The electrical conductivity as a function of temperature for the As-doped system
Si1oGe10AsxTeso-x (Where x = 5 and 15) is amorphous in a range of different temperatures
starting from 35°C; the maximum temperature was 400°C, as shown in Figure (4). It is seen
that the relation between the electrical conductivity and the temperature obeys the Arrhenius-
type equation [19]: o=doe(—Ea/ksT) where o is the electrical conductivity, Ea is the activation
energy, and kg is the Boltzmann constant. The conductivity was measured at 35K, and the
activation energy calculated from the slopes of the lines is given in Table (3). It seems that the
arsenic incorporation induced an improvement of the electrical conductivity (o) with a
decrease of its activation energy (Ea). These results can be related to the shift of the Fermi
level towards the conduction band due to arsenic doping and also due to the of tellurium
concentration; the effect of the tellurium concentration is not significant, as it was observed
that as the tellurium concentration decreases in the sample composition and the arsenic-doped
increases, the electrical properties improve. However, (p-type) for electrical conductivity in
the sample composition is (p-type); similarly for holes. Usually shows p-type conductivity, it
is difficult to grow the low conductivity n-type. This is because of the self-compensation
mechanism. The films exhibited very high conductivity by increasing the dopant
concentration, which leads to the carrier concentration increasing significantly. The electrical
measurements under white light revealed that the presence of arsenic or tellurium in the films
leads to a degradation of their light sensitivity.

L | L L L L | L L L L
2.7 2.9 3.1

1000/T (K™)

Figure (4): Logarithm of electrical conductivity vs. inverse of temperature for As-doped
(dAs=15nm and 45nm) Si1oGe1oAsxTesox System (where x=5 and 15).

5
Journal of Academic Research (Applied Sciences), VOL 29, Issu 2, 2025

-20 L L L L | L L L L | L
2.1 2.3 2.5




Structural, optical, and electrical properties of the SizoGe1AsxTeso-x amorphous system

Table (3): The data of activation energy (Ea) and electrical conductivity (o) for samples
annealed at 400°C for 2 h.

The sample As-doped (nm) | o(Ql.cm?) | Ea(eV)
Si1oGe10AssTers 15nm 0.21x10° 0.71
Si10Ge10AS15 Tess 45nm 9.83x10°® 0.54
ii. The influence of annealing time on electrical conductivity and kinetic constants

The conductivity as a function of the annealing time at constant temperatures for As-
doping (das=15 nm and 45nm) of SiioGe1oAsxTeso-x System (where x=5 and 15) is shown in
the figures (5) and (6), respectively. The increase of electrical conductivity with increasing the
annealing time at constant temperatures of 473, 573, and 673 K is due to the crystallization
effects occurring only in the Ge matrix; it is clear from X-ray, and also the arsenic
incorporation induced for internal surface voids and between multilayers of the sample.
Doping with arsenic eliminates defects and improves electrical properties, but n-type
conductivity is difficult to grow due to the self-compensation mechanism, resulting in p-type
conductivity.

The electrical conductivity and the activation energy for As-doped of the system
Si1oGepAsxTesox (Where x=5 and 15) are affected by annealing temperature while the
electrical conductivity increases and the activation energy decreases noticeably due to dopant
segregation. The activation of arsenic atoms passivated by germanium can occur at the
annealing temperature through dissociation of bridging Ge-Ge-As bonds; this behavior also
appeared in another study of boron-doped hydrogenated amorphous silicon [20]. The same
behavior was obtained for films annealed at constant temperatures higher than the substrate
temperature, as shown in Figures (5) and (6). Thus, the electrical conductivity measurements
as a function of annealing time at constant temperature are used to study the isothermal
crystallization kinetics using Johnson-Mehl-Avermi's (JMA) equation in the form [21]: y=1-
exp[-kt"] where y is the volume fraction of the crystalline phases transformed from the
amorphous state at time t, n refers to the order of reaction, and k is the effective overall
reaction rate, which actually reflects the rate of crystallization and is given by:
k=koexp[—E:/RT] here ko indicates the number of attempts to overcome the energy barrier.

The electrical conductivity as a function of annealing time, the volume fraction ¥, is:
x=(Lnoa-Lnay)/(Lnoa-Lnac) where Lna, is the logarithm of the electrical conductivity at zero
time (activation electrical conductivity), Lnat logarithm of the electrical conductivity at any
time t and Ing. ithe logarithm of the electrical conductivity at the end of saturation (full
crystallization). According to the JMA equation, the value of n can be obtained from the
slopes of the plots of Ln[-Ln(1- #)] vs. Lnt that are measured for this material. Since the
volume fraction of the crystallized phases is assumed to be depending on the electrical
conductivity of the material at any annealing time, the value of n can depend on the
composition and annealing temperature in this study. The values of k according to JMA
equation are obtained from the slopes of the plots of -(1 - x) vs. (t*). The values of the
activation energies E. of crystallization can be deduced from the slopes of the plots of Lnk vs.
1000/T [22,23]. According to the JMA equation, the results obtained for n, k, and the
activation energy Ec of crystallization for the system SiioGeioAsxTesox (Where x at 5 and
15 %) measured at 473, 573, and 673K illustrated in figure (5) are also given in Table (4).
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The study shows that increasing doping leads to a higher crystallization rate, resulting in a
decrease in the activation energy E. of crystallization.
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Figure (5): Logarithm of the electrical conductivity versus the annealing time at constant
temperatures for As-doped of the system SiioGe10Ass Tezs where das=15nm.
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Figure (6): Logarithm of the electrical conductivity versus the annealing time at constant
temperatures for As-doped of the system SiioGe10AsisTess Where das=45 nm.
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Figure (7): Plots of Ink vs. 1000/T for the As-doped Si1oGe10AsxTego-x amorphous system.
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Table (4): Values of n, k, and E. for the As-doped Si1oGe10ASx T ego.x amorphous system.

N K
T | 473 | 573 673 473 573 673 Ec
(K| (K (K) (K) (K) (K) | kJimol
x=5 | 0.730 | 0.688 | 0.579 | 1.63x10! [ 3.59 x107" [ 5.79x10" | 16.9
x=15]0.720 | 0.682 | 0.631 | 1.81x10* | 2.41x10" | 3.44x10* | 115

iii. Charge carrier decay lifetime measurements.

Time-resolved photoluminescence measurements were carried out to measure the
recombination lifetime of the prepared sample. It is known that fast recombination isn’t
preferred in semiconductor devices. It is due to structural defects and trapping shallow energy
levels. Here, the samples have a long lifetime. It is about 79.8 ns; see figure (8). It makes the

sample promising in semiconductor industries.

Figure (8): Time-resolved photoluminescence of the As-doped Si1oGe10ASxTego-x amorphous
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iv. Photoluminescence measurements

To investigate the optical transitions of a material, photoluminescence measurement is
used for that. Figure (9) shows the optical transitions of the prepared samples. It is observed
that the samples have one strong transition at 752 nm (1.65 eV) and another weak transition at
564 nm (2.19 eV) that obtained from UV-V is spectroscopy measurements. SiioGe10ASisTess
has higher intensity of transitions due to the higher As content than SiioGe10AssTers,
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Figure (8): Photoluminescence spectra of As-doped Si1oGe10AsxTesgo-x amorphous system.

IV. Conclusions

The elements such as tellurium and doped-arsenic have been added to the Si-
Ge system to improve the different properties, and we have investigated the optical properties
of the SiioGe10AsxTegox films that show a reduction behavior in dispersion parameters with
the increment in As content. It is clear that the change of the electrical conductivity with
annealing time at different isotherms is one of the sensitive physical properties that reflects
the change and growth of the phase transformation process of any material. The change of the
electrical conductivity confirms the sensitivity of the thin film to light. The electrical
conductivity and the activation energy are affected by annealing temperature, where the
activation energy decreases. The optical energy gap is decreased and the Urbach energy is
increased with increasing the arsenic-doped (As-doped) and raising annealing temperature
and partially due to crystallization effects in the Ge matrix. The activation energy of the
crystallization process (Ec) is a function of both material composition and temperature. The
results revealed that (Ec) increases and the electrical conductivity increases with raising the
As content. Finally the samples have a long lifetime; it is about 79.8 ns. It makes the sample
promising in semiconductor industries. In photoluminescence measurements, the increasingly
higher intensity of transitions is due to the increasing arsenic content.
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