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Thermal annealing effects on the structural and electrical properties of Ag;L.a
thin films deposited by thermal evaporation technique
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Herein Ag,La thin films are fabricated by a vacuum coating method and subjected to a
thermal annealing process. The thermally heated of films at 200 °C increased the
crystallite sizes and improved the crystalline structure of the films. For these films the
electrical conductivity measurements which were handled in the temperature range of 300-
440 K. The conductivity analyses indicated that the transport of charged particles is
dominated by the thermionic emission and by the variable range hopping conduction
mechanisms. The annealing of films shifted the impurity levels and decreased; the degree
of disorder, the average hopping distance and the average hopping energy.
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1. Introduction

Thin film alloys have recently attracted attention due to their wide range of applications

across various fields of technology. They can be used as promising coatings suiting electro-
mechanical systems [1], optoelectronic devices [2] and memory devices [3] as well. They
contribute to enhancing the performance of numerous electronic devices. As for examples copper
nanowires and silver nanosheets were used in the fabrication of bimetallic nanocomposites [4].
These silver rich nanocomposites showed high sensitivity up to 2.033x 1073 A/mM'cm’ and a
fast amperometric response. These features make them hold promise for fabrication of flexible
electrochemical devices [4]. In addition silver layers formed from silver nanoparticles were found
ideal for power device applications [5]. These layers exhibited long life workability exceeding
1000 hours even at high temperature of 250 °C [5]. Thin film alloys are also used in the fabrication
of micro-switches, sensors, and magnetic read heads [6].

We were motivated by the simplicity of fabrication and the broad application potential of
these alloys to create a new class of alloy thin films incorporating silver and lanthanum metals.
Silver based alloys is known for their thermal stability [2]. Lanthanum is also a highly reactive
material and forms alloys easily [7]. LaGe, thin films are found suitable as band filters exhibiting
cutoff frequency of 200 GHz. The films were ideal for use in 6G technology [7]. The novelty of
the current work is that new class of alloys are formed by coating layers of Ag onto layers of La.
The layered structures, fabricated via thermal evaporation under a vacuum pressure of 10° mbar,
demonstrate unique physical characteristics distinct from individual Ag or La films. The simplicity
of forming Ag,La alloys which are actualized by stacking the individual Ag and La layers is
regarded as a novel easy way to produce thin film alloys. The research will investigate the crystal
structure, surface analyses including morphology, atomic contents, and electrical characteristics of
the alloys. Computational software will aid in structural analysis and bond distance visualization.
Annealing at 200°C in air will be performed to observe its effects on structural and electrical
properties. Emphasis will be placed on understanding the current conduction mechanism,
including thermionic and variable range hopping parameters such as impurity levels, disorder
degree, hopping distances and energies, and localized density of states near the Fermi level.
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2. Experimental details

Agola thin films were accidentally produced during the coating of stacked layers of
lanthanum and silver nanosheets. Each of these two nanosheets was 100 nm thick. They undergo
coating via the thermal evaporation method in a vacuum environment with a pressure of 10~ mbar,
employing the NORM-VCM-600 thermal evaporator. The deposition of the films was initiated by
inserting high purity (99.99%) lanthanum powders purchased from Alpha Aeser firm into the
evaporator and coating it onto glass substrates cleaned using ultrasonic vibration machine. The
produced glass/La layers were then employed as substrates to coat another 100 nm thick layer of
Ag. Pure silver nanopowders ordered from Alpha Aeser firm were used as evaporation sources.
Some of the produced films were heated at 200 °C in air for one hour. The produced glass/La/Ag
films were then studied with the help of a Miniflex 600-XRD unit working at scanning speed of
0.5 deg./min to explore the structure. The morphology and compositional analyses were handled
with the help of a scanning electron microscope (COXEM-200). The microscope have an EDAX
type analyzer to identify the X-ray energy dispersion. The electrical studies were actualized on a
Hall bar shaped films. Electrical contacts to the Hall bar films were made from gold films. The
conductivity response to temperature variations was investigated using a specialized cryostat
setup. This equipment integrates an automated Keithley current-voltage system featuring a 6485
picoammeter and Keithley 230 programmable voltage source. Measurements were conducted
within the temperature range of 300-440 K. The conductivity type of the films was determined
using the hot probe technique, revealing n-type conductivity.

3. Results and discussion

The X-ray diffraction (XRD) findings for dual stacked layers comprising lanthanum and
silver, each with a thickness of 100 nm, are illustrated in Figure 1(a).The XRD patterns for these
layers revealed diffraction peaks centered at diffraction angles different from those of cubic Ag
(Joint Committee on Powder Diffraction Standard: JCPDS, file No. 04-0783), hexagonal La, cubic
Ag,0O ((JCPDS: 89-3722)) and La,O; (JCPDS: 05-0602). The observed XRD patterns are
analyzed using “TREOR 92” and “Crystdiff” software packages. The diffraction patterns
displayed in Fig .1 (a) are best fitted with the orthorhombic structure of Ag,L.a. However the low
dimensional Ag,la films exhibit different lattice parameters from those reported for orthogonal
Ag)la bulky samples. For the currently reported thin films the lattice constants of the
orthorhombic cell are a = 6.670 A, b = 10.386 A, c = 7.749 & corresponding to a space group
number7]l (Immm). Those reported in literature displayed values of a = 4.8254,b =
7.287 A,c = 8.196 A and space group number 74 (Imma) for Ag,La bulks obtained by the
melting technique [8]. The lattice constants change due to the more lattice strain associated with
the low dimension of the grown films [9]. To gain knowledge about the bond lengths of the low
dimensional orthorhombic Ag,La cells we have rebuilt the crystal using “Crystal Maker” software
packages. The schematics of the Agy,La crystals are shown in Fig. 2 (b). A shortest bond distance
of 1.35 A is measured for Agl-La bond. The second bond Ag atom Ag2-La exhibited lattice
distance of 2.296 A. Agl-Ag2 bonds exhibit length of 1.68 A. The formed Ag,La films show bond
lengths lower than those of La-La (382 pm [10]) and Ag-Ag (253 pm [11]). When coating Ag
films onto La, the shorter bond length of Agl-La and Ag2-La make the formation of Ag,La
preferable to reach thermodynamic stability [12], [13]. More stable bonds leads to stronger
electron dissociation on the atom. The latter manifest itself in the broadening of the bandwidth and

increase in the density of states [14]. On the other hand, the calculated structural parameters
0.94 A

B cosB
[8]), the stacking faults percentages (SF %=100.45

including the crystallite size (D = [8]; B: maximum peak broadening), the strain (& =

B 2m?p . _
Tand TG [8]) and defect density (6, =
15 €/(aD) along the a —axis [8]) are show in Table-1. The parameters are consistent with Ag
based materials like Ag,O where crystallite sizes and defect densities of 27 nm and 1.4x 1011 cm™
are reported [15].
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Fig. 1. (a) The XRD graphs for the as deposited and annealed Ag,La films. (b) Showing the schematic for
the crystalline phase and (c) show the SEM images for the as grown Ag,La samples.

Fig. 1 (c) show the SEM images for the as deposited Ag,La films. The films contained
irregular distribution of spherical grains. The average sizes of the grains is 400 nm. In addition the
EDS spectra for Ag,La samples are illustrated in Fig. 2. The figure indicates the existence of O, Si,
Na. Mg, Ca, Au, Ag and La metals only. The Si, O, Na, Mg and Ca elements are related to the
glass slides used as substrates (SiO:Na,O:MgO:CaO). The goild is present because the samples
were covered with few nanometers of gold to avoid electron contaminations during SEM and EDS
recording. The atomic contents of Ag and La in the films were found to be of 68.25 at. % Ag and
31.75 at. La. The chemical formula for this alloy is Ag,;sLa. Some excess Ag existed in the
samples. Excess Ag is a main reason for the n-type behavior of the films.

Table 1. The mechanical parameters for the as grown and annealed Ag,La films.

sample 20(°) D (nm) | ex10” SF% a(d) | bA [c@A) | 8x10"
line/cm?)

As grown 28.1 29 5.14 026 | 6.670 | 10.386 | 7.485| 3.99

Annealed 28.6 34 428 022 6431 10215] 7473 | 2091

On the other hand the effect of thermal annealing at 200 °C in the air atmosphere on the
Agola films is studied. As can be seen from Fig.l1 (a) the peaks are shifted toward larger
diffraction angles indicating the shrinkage in the unit cell parameters. The re-calculated lattice
parameters showed values of a = 6.431A,b = 10.215 A,c = 7.473 A. Simulation of the new
resulting crystals displayed bond distances of 1.34 A, 2.076 A and 1.376 A, for Agl-La, Ag2-La
and Agl-Ag2, bonds respectively. The bond lengths are also decreased indicating stronger
bonding in the annealed films as compared to the as grown which displayed respective bond
lengths of 1.35 A, 2.296 A and 1.68 A. 1t is clear that the lattice constant decreased due to the



912

shorter bonding length and due an increase in the degree of ordering [16]. In addition the oxidation
of the surface due to air annealing may account for the decrease in the unit cell parameters [17],
[18]. This belief is confirmed by the EDS spectra for the annealed samples which are displayed in
Fig. 2. The spectra of the annealed samples displayed much larger oxygen content (inset-1 of Fig.
2) compared to the as grown films. The oxygen contents in the samples increased by 13.67 at. %.
Actually the ionic radius of oxygen being 1.35 A [19] is larger than that of La (1.16 A [20]) and
larger than that of Ag (1.28 A [21]). The direct substitution of oxygen in the Ag,La lattice is not
expected. However the samples contained excess Ag which means some of the Ag was not
completely bonded. As the average bond length of Ag-O is 2.127 A [22] which is smaller than that
of Agl-Ag2 calculated here, Ag atoms on the surface would prefer reaching stability through
formation of Ag,O on the surface of the film. It should be noted that silver oxide displayed
diffraction patterns centered at 20 = 26.9°, 32.69°, 37.94°, 54.9°, 65.54° and 69° [23]. None of these
peaks appeared in the XRD patterns (Fig. 1 (a)). Annealed Ag,La films display diffraction patterns
at 20 = 16.10°, 25.80°, 28.6°, 38.40°, 40.20°, 44.20° and 49.30°. Although the XRD technique did
not explore this thin oxide layer, the scanning electron microscopy shown as inset-2 in Fig.2
indicates the formation of very dense layer of grains. The grains are hardly visible. An
enlargement by 60000 times revealed the illustrated grains. The average grain size for the annealed
samples is 80 nm. Grains of such sizes were not observed in the as grown films. In addition, the
structural parameters for the annealed films are listed in Table-1. It is readable from table-1 that
the crystallite sizes (accumulates to form a grain) become larger and the other parameters like
strain, stacking faults and defect density decreased after the samples were annealed. Diffusion of
oxygen at the grain boundaries could account for the increased crystallite sizes [24]. Completed
bonding between excess Ag and excess oxygen could also accounts for the enhanced crystallinity
of the Ag,La films [25].
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Fig. 2. EDS spectra for as grown and annealed Ag,La thin films. The inset displaying the SEM images for
the annealed films. Inset-1 showing the increase in oxygen content and inset-2 illustrating the SEM images
for the annealed samples.

Fig. 3 (a) illustrates the Arrhenius plot for the temperature dependent conductivities (o)
for the as deposited and heat treated AgyLa films. The room temperature electrical conductivity
values are 6.05X 1076 (Qcm)™!  and 2.40x 107°® (Qcm) ™1, respectively. The values of the
electrical conductivities are very low indicating semiconductor or even insulator film
characteristics. The electrical conductivity values are close to those of Ag based materials like
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AgGas,, AgGaSe, [26]. As readable in the figure o(T) of the as deposited and annealed films is
not varying with temperature in the temperature range of 300-340 K and 300-360 K, respectively.
In the higher temperature range the o(T)increases with increasing temperature showing different
slopes of variations. The conductivity activation energy (E,) is calculated assuming the
domination of current conduction by thermionic emission of charge carriers over the potential
barriers formed by grain boundaries [27]. In accordance with the equation [27],

0 = g,exp(—E,/kT), (M

one reveals E, values of 252 meV and 180 meV in the temperature ranges of 340-440 K and 360-
440 K for the as grown and annealed films, respectively. o, in Eqn. (1) is the pre-exponential
factor. Because Ag,La films are n-type, the conductivity activation energy should correspond to a
donor level centered below the minima of the conduction band of Ag,La. However, executing the
derivative of the activation energy [27], and plotting it as function of temperature (inset of Fig. 3
(a)) one observe temperature dependent activation energy values. Such property means that the
current conduction by thermionic emission are impure and there exist another possible current
conduction mechanisms [28].

d(In(a)-In(a,))
d(kT™1)

dEs(T)=- 2

The electrical conductivity data is plotted assuming current conduction by variable range

hopping (VRH) mechanism as a sharing mechanism to that of thermionic. In this mechanism the
conductivity takes the form

To\ /4

o= ale_(?) 3)

Here T, is the degree of disorder and &4 is a constant representing the pre-exponent value.
This transport mechanism is preferable when the localized levels near Fermi level (Ef) becomes
continuously distributed. The hopping is actualized within an average hopping range and hoping
energy given by the equations, respectively.

9 A
R = [ ] 4)
8 7y ky TN(E,)
and
-3 (5)
4 7 R N(E,)

In the above equations N(Epf) is the density of localized states near Fermi level and is
determined from the relation,

_181y8
° " kpN(Ep) ©)
Here y = & 1. & is localization length (known as the decay constant). The current
conduction by hopping mechanism are accepted to be valid mechanism if W > kT, T, > 103 K
and yR > 1.
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Fig. 3. (a) the In(0) — T~ and (b) the In(a) — T~Y/* plots for as grown and annealed Ag>La films. The
inset of (a) demonstrating the conductivity activation energy as function of temperature.

In the temperature range of 360-425 K, The linear fittings of the In(c)-T~/* variations
which are shown in Fig. 3 (b) revealed slopes that allow determining the values of T,. Other
hopping parameters are then calculated with the help of Eqn. (4)- (6). These parameters are listed
in Table-2. It is evident from the data that that the hopping conduction is highly preferable in these
samples. The parameters are consistent with those reported for materials exhibiting current
conduction by variable range hopping [27], [29], [30]. However we should recall here that the
current conduction by VRH are an assisting conduction mechanism because at these high
temperatures the thermionic emission is usually dominant mechanism [28].

It is also observed from the conductivity data analyses that the annealing of Ag,La
samples decreased the electrical conductivity in all the studied temperature range. The most
probable reason for the decreased conductivity values is the decrease in the free carrier
concentration originating from excess Ag (in the as grown samples) which reacted with oxygen
after annealing as confirmed from the EDS spectra shown in Fig. 2. Formation of Ag,0O layer may
behave as traps which limits free charge motions leading to the observed decrease in electrical
conductivity [31]. In addition the conductivity activation energy also decreased from 252 meV to
180 meV. These energy values are close to the average hopping energy values (especially for the
annealed samples) presented in Table-2 which also decreased upon annealing. The value of the
conductivity activation energy being 180 meV is always observed in Ag based materials having
Ag,0O enriched in its structure [32]. Hence the shift in the activation energy is ascribed to the
formation of Ag,O in the Ag,La films. It can be seen from the figure that the annealing process
decreased the degree of disorder and decreased the average hopping distance. The degree of
disorder decreases due to the decrease in defect density [33]. As seen from Table-1, the annealing
process decreased the defect density from 3.99x 10! lines/cm” to 2.91x 10 lines/cm™.

On the other hand the annealing of the Ag,La samples increased the density of localized
states near Fermi level by more than 91.4%. The main factor affecting the density of states and
their localizations are the position of Fermi level. Crossing of Fermi level with a trapping state
created by impurities and/or defects may cause this increase. The annealing process decreased the
defect concentration and caused capture of oxygen. Oxygen increases the hole concentration in the
samples leading to a further localization [34], [35].
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Table 2. The VRH constants for the as grown and annealed Ag,La thin films.

Sample | slope | &A) | ¥ (10"em™) | T (10"K) | N(Ep) (10% [ R(A) [ W YR
cm’/eV) (meV)

As grown | 1063 | 10 1 12.80 1.64 89.16 | 206 | 8.92

annealed 90.4 10 1 6.68 3.14 75.82 175 7.58

It's noteworthy to emphasize that the fittings represented by the solid green line in Figures
3 (a) and (b) were conducted using a specialized high-convergence minimization algorithm,
employing regression analysis and statistical tools such as residual sums of squares (R2),
coefficient of determination, and residual mean squares. The data errors were assessed to range
from 5% to 10%. Additionally, the calculated slope was constrained to ensure a residual sum of

squares greater than 0.98.

4. Conclusions

In the current work we have shown the possible formation of Ag,La alloys from two
stacked nanosheets of La and Ag. The films exhibited orthorhombic structure of lattice parameters
of a=6.670Ab=10.386A4,c=7.749 A. The material is formed due the preferred bonding
mechanism between La and Ag. The structural and morphological analyses of the samples
revealed an excess of silver in their composition compared to the desired stoichiometry. The
crystallites sizes and grains exhibited average values of 29 nm and 400 nm, respectively. Electrical
measurements have shown that the films shows electrical conductivity like those of poor
semiconductors or insulators. The electrical conduction is dominated by a mixed current
conduction mechanism composed of thermionic emission with an activation energy of 252 meV
and by the variable range hopping conduction. On the other hand annealing the samples at 200 °C
for one hour in air atmosphere increased the crystallite sizes and decreased the defect
concentration as well as the microstrain and stacking faults percentages. The annealing increased
the content of oxygen in the samples and shifted the conductivity activation energy to 180 meV.
All the variable range hopping parameters are engineered accordingly. Exploring the structural and
electrical properties of the Ag,LL.a compound in thin film form will open the doors toward using
these classes of material in low dimensional applications that require high resistive substrates.
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