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Abstract

Nanoparticles of noble metals have unique properties including large surface 
energies, surface plasmon excitation, quantum confinement effect, and high 
electron accumulation. Among these nanoparticles, silver (Ag) nanoparticles have 
strong responses in visible light region due to its high plasmon excitation. These 
unique properties depend on the size, shape, interparticle separation and sur-
rounded medium of Ag nanoparticles. Indium tin oxide (ITO) is widely used as an 
electrode for flat panel devices in such as electronic, optoelectronic and sensing 
applications. Nowadays, Ag nanoparticles were deposited on ITO to improve their 
optical and electrical properties. Plasma-assisted hot-filament evaporation (PAHFE) 
technique produced high-density of crystalline Ag nanoparticles with controlling in 
the size and distribution on ITO surface. In this chapter, we will discuss about the 
PAHFE technique for the deposition of Ag nanoparticles on ITO and influences of 
the experimental parameters on the physical and optical properties, and electronic 
structure of the deposited Ag nanoparticles on ITO.

Keywords: silver nanoparticles, plasma-assisted hot-filament evaporation, 
properties, indium tin oxide, electronic structure

1. Introduction

Noble metallic nanoparticles, which are described as metals in the nanoscale 
with dimensions within size range from 1 to 100 nm, recently received significant 
attention in optoelectronic, biosensing and photocatalysts applications [1–4]. 
This is due to their unique properties compared to the bulk materials such as large 
surface energies, surface plasmon excitation, quantum confinement effect, and 
high electron accumulation. The bulk material has constant physical properties 
regardless of their size and shape, however, these properties of the nanoparticles are 
a function of their size, shape, distribution and surrounded medium. Among these 
nanoparticles, silver (Ag) nanoparticles have particularly strong responses in the 
visible light region due to its high plasmon excitation at threshold energy of around 
3.9 eV (318 nm). A specific phenomenon of the nanoparticles is localized surface 
plasmon resonance (LSPR) which results from the collective oscillations of the free 
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electrons on the metallic nanoparticle surfaces. Thus, the LSPR of Ag nanoparticles 
can be tuned to any wavelength in the visible light region. This is a highly desirable 
characteristic enabling the usage of Ag nanoparticles in optoelectronic devices 
mainly in solar cell and light emitting diode devices [5, 6]. The LSPR wavelength 
position can be tuned by varying the size, shape, particle spacing and compositions 
of the nanoparticles as well as a surrounding environment such as an insulating 
surface or presence of a dielectric layer [7]. Oxide layer can be form around the 
nanoparticles and acts as dielectric substances leading to formation of metal–metal 
oxide core-shell nanoparticles. These core-shell nanoparticles have been reported 
to produce wide SPR bands compered to pure metallic nanoparticle [8, 9]. Thus, the 
wide range of the LSPR existing through the metal oxide layer could be better than 
increasing in the nanoparticles size that may significantly lead to reduction in light 
scattering. On the other hand, indium tin oxide (ITO) is a transparent conducting 
oxide that has high transparency in visible light regions, low sheet resistance, and 
high work function. Moreover, ITO is widely used as anode material for optoelec-
tronic devices as a hole injection layer in the devices [10, 11]. Thus, deposition of Ag 
nanoparticles layer on ITO suggests a feasible approach to enhance the flexibility, 
luminescent efficiency, electrical conductivity, and adhesion to device layers.

Ag nanoparticles layer are widely synthesized using evaporation-condensation, 
electron beam irradiation, and radio frequency plasma-assisted thermal evapora-
tion, which show a good surface adhesion with the dielectric surface [12–14]. 
However, these physical deposition methods generally involve complicated struc-
tures, surface treatments, and high reaction temperatures up to several thousand 
°C in a plasma jet and 400°C for thermal annealing purposes [13, 15, 16]. The high 
reaction temperatures usually lead to the destruction of the device layers during the 
deposition process [13, 15, 16]. This issue can be avoided using thermal evaporation 
by hot-filament, as it provides a rapid evaporation of metallic nanoparticles source 
in high purity and the most important is it involving low substrate temperatures 
(usually below 400°C) [17, 18]. Moreover, plasma-driven deposition controls the 
transportation and deposition of the evaporated metallic adatoms, which directly 
leads to better size and uniformity of the deposition [19]. Nevertheless, pre-plasma 
treatment on the substrate surface proved to be more effective in removing organic 
contaminations that impede the particle mobility on the deposited surface [20, 21]. 
Thus, plasma-assisted hot filament evaporation technique is expected to deposi-
tion of Ag nanoparticles layer in uniform size and distribution at low substrate 
temperatures.

2. Plasma-assisted hot-filament evaporation

Evaporation is a common method for deposition of thin film from their source 
materials in a vacuum as a physical vapor deposition (PVD) technique. The source 
materials are evaporated using evaporation source such as metal boat or coiled 
wire. Tungsten is a metal and has very high melting temperature about 3422°C. A 
tungsten wire can be coiled to form spiral shape for using as a hot-filament. This 
hot-filament is preferred to use for deposition very thin film compared to a tung-
sten boat. However, the deposition rate of the thin film on substrates using PVD 
technique is very low. Other common technique, chemical vapor deposition (CVD) 
is a technique for deposition nanostructured thin film on substrates with very high 
temperature using precursor gases [22]. Insertion of hot-filament in to the CVD 
technique helps to deposit nanocrystalline of nanostructured thin film at lower 
substrate temperature as hot-filament chemical vapor deposition (HFCVD) tech-
nique [18, 23–27]. The HFCVD process employs the heated filament to decompose 
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the precursor species and deposit nanostructured film on the substrate. On other 
hand, plasma can include electron, ions, free radicals, photons and neutrals that can 
generate reactive chemical species for enhancing the thin film deposition. The most 
recent technique was used is plasma-enhanced chemical vapor deposition (PECVD) 
[28–31]. However, PECVD requires a long time deposition and produces non-purity 
thin film with existence of toxic and explosive gases in plasma stream [32]. To avoid 
the existence of the toxic gases and contamination on the film, hydrogen plasma is 
used to remove the contaminations and provide purity thin film deposition without 
any toxic gases production. Therefore, hybrid of hot-filament with hydrogen plasma 
as plasma-assisted hot-filament evaporation (PAHFE) is a promise technique for 
deposition of purity metal nanoparticles layer on the substrate at low substrate 
temperature. Thus, the features of this technique are: (1) control of particle size, 
shape and interparticle separation, (2) enhancement of the nanoparticles crystal-
lity, (3) stabilization in the physical and structure properties, (4) high deposition 
rate, (5) production of purity nanoparticles, (6) avoid particles aggregation, (7) low 
substrate temperature, and (8) fast deposition rate.

2.1 Structure of PAHFE

Figure 1(a) shows the real picture of the PAHFE system. The PAHFE consists to 
three main parts; reaction chamber, vacuum pumping system and supply units. The 
schematic diagram of the home-built of the reaction chamber is shown in Figure 1(b). 
A radio frequency (RF) electrode was used as a plasma generation source. The tung-
sten wire with a diameter of 1 mm can be coiled to approximately 30 coils, generating 
coils with a diameter of 2 mm and length of 3 cm. This formed a tungsten coil filament 
as the hot-filament which the Ag source (Ag wire) was hanged on the filament coils 
for evaporation purpose. This hot-filament was placed below the RF electrode at a dis-
tance of 2 cm. Two copper electrodes were used to hang the tungsten wire, as shown in 
Figure 1(b). Substrates which the nanoparticles deposited on were put on a substrate 
holder. The substrate holder was placed below the filament at a distance of 10 cm. 
After that, the substrates can be heated using a heater rod inserted into the substrate 

Figure 1. 
(a) Real picture of PAHFE system. (b) Schematic diagram of the home-built PAHFE chamber [33].
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holder for achieving a desired substrate temperature. A thermocouple was used to 
measure the substrate temperature and connected to a temperature controller. Finally, 
in order to control the evaporation time, a shutter was placed between the filament and 
substrate holder. There are four supply units for PAHFE technique. RF power supply 
of 13.56 MHz was connected to the RF electrode by a matching impedance for plasma 
generation in the reaction chamber. Filament heating power supply is used for heating 
the filament to a desired temperature in purpose of Ag wire evaporation. The two cop-
per electrodes were connected to the filament heating power supply. Substrate heating 
power supply was connected to the heater rod to heat the substrate for achieving a 
particular substrate temperature. Finally, a hydrogen gas was supplied to the reaction 
chamber through ¼ inch SS tube and ball valve. The gas flow is precisely controlled by 
a mass flow-controller. Furthermore, the vacuum pumping system is used to evacuate 
the reaction chamber before and after deposition processes, and control the pressure  
as well.

2.2 Processes of PAHFE

Before placing the substrates inside the chamber, the substrates were put inside 
a beaker including Decon 90 diluted in deionized water to clean using ultrasound 
at 60°C for 60 minutes. Then, rinsing the substrates was sequentially done using 
deionized water, acetone and isopropyl alcohol. Finally, the clean substrates were 
dried using nitrogen gas. The Ag wire with a length of 2 mm and a diameter of 
0.5 mm (Ag wire weight of 4.2 ± 0.2 mg and purity of 99.9%) was placed inside 
the coiled part of the filament. After placing the substrates inside the chamber, the 
chamber was evacuated to minimum or lowest pressure of around 5 × 10−3 Pa, using 
turbomolecular pump. Then, the substrates were heated to the desired substrate 
temperature. Before the nanoparticles deposition, plasma cleaning process was 
done on the substrate surface and Ag wire using hydrogen plasma. The parameters 
of the plasma cleaning process were put at 6 W, 100 sccm, 75 Pa, and 10 minutes for 
the RF power, hydrogen flow-rate, pressure, and time, respectively. In general, the 
hydrogen plasma process is utilized to remove any surface contaminants including 
native oxide on the substrates. After the plasma cleaning, the filament temperature 
was slowly increased to reach to 1600°C under hydrogen plasma ambient condition. 
The heated filament under plasma has sufficient thermal energy to completely 
evaporate the Ag wire which has a melting point of about 961°C. The deposition 
was started by opening the shutter subsequent to the plasma cleaning process as 
plasma deposition process. The RF power, hydrogen flow-rate, pressure, and time 
were fixed at 6 W, 50 sccm, 41 Pa, and 3 minutes, respectively. Figure 2 shows the 

Figure 2. 
Scheme of the PAHFE processes.
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scheme of the PAHFE processes. The substrate temperature was varied between 
25°C and 250°C at 25°C, 80°C, 140°C, 200°C, and 250°C.

3. Salient features of the deposited Ag nanoparticles on ITO substrate

The properties of Ag material in the nanoparticles form are different from the 
Ag bulk material due to consisting of the nanoparticles from down to few atoms. 
Thus, these few atoms may dominate of the nanoparticles properties. Also, distri-
bution of the nanoparticles on a layer may strongly affect on their properties. This 
distribution of Ag nanoparticles on the layer depends on their size and interparticle 
separation. So, the nanoparticles could stand as a two-dimensional array to form Ag 
nanoparticles layer. Moreover, it is well-known LSPR characteristics of Ag nanopar-
ticles that have unique optical properties in all visible region. This LSPR of Ag 
nanoparticles strongly depends on the physical properties of the Ag nanoparticles 
layer. Furthermore, PAHFE technique can control the properties of Ag nanopar-
ticles layer by variation in growth parameters. Thus, the changing in these proper-
ties of the nanoparticles layer via the growth parameters is discussed, as mentioned 
below.

3.1 Morphological properties

The surface morphology including size, shape and distribution of Ag nanopar-
ticles on the ITO/glass substrates, which can be obtained using field emission 
scanning electron microscopy (FESEM), varies with variation of the experimental 
parameters such as growth environment and substrate temperatures. FESEM 
images of the deposited Ag nanoparticles on ITO substrates at substrate tempera-
ture of 25°C without and with using plasma conditions during the deposition 
processes are presented in Figure 3(a and b). These nanoparticles showed spheri-
cal shape in both conditions, and inconsistency size and interparticle separation 
distributions at no plasma condition compared with using plasma, as shown in 

Figure 3. 
(a and b) FESEM images, (c and d) histograms of diameter, and (e and f) histograms of interparticle 
separation of Ag nanoparticles deposited on ITO/glass substrates without and with using plasma at room 
temperature of the substrate temperature. The black solid lines in the histograms are the fitting Gaussian curves, 
and the nanoparticle density in NPs/μm2 and the mean diameters or interparticle separations (M) with 
standard deviation (SD) values are inserted in each sub-figure.
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Figure 3(c–f ). Density of the nanoparticles at with plasma condition is about 1262 
nanoparticles/μm2 and showed higher than the density at without plasma condition 
(555 nanoparticles/μm2). Thus, the combination of the hot-filament temperature 
and hydrogen ion plasma during the deposition assists to facilitate the growth 
of high density of Ag nanoparticles in uniform size and interparticle spacing. 
Moreover, the hot-filament temperature of 1600°C provided the evaporated Ag 
adatoms kinetic energy at low deposition pressure of 41 Pa. This thermal induced 
kinetic energy is sufficient to diffuse the Ag adatoms on the ITO surface for fast-
forming of Ag nanoparticles at room temperature [34].

For variation in the substrate temperatures of 80, 140, 200 and 250°C with 
using plasma during the cleaning and deposition processes, the FESEM images of 
the deposited Ag nanoparticles on ITO substrates are presented in Figure 4(a–d). 
In the substrate temperatures up to 140°C, Ag nanoparticles appeared to be also in 
spherical shape with high consistency in size and distribution. Also, the nanopar-
ticles size increases with increasing in the temperature up to 140°C. This method is 
directly deposit the nanoparticles on surface in uniform size and interparticle sepa-
ration without any additional process such as annealing process. This is in contrast 

Figure 4. 
(a–d) FESEM images, (e–h) histograms of diameter, (i–l) histograms of interparticle separation of Ag 
nanoparticles deposited on ITO/glass substrates using plasma with different substrate temperatures of 80°C, 
140°C, 200°C, and 250°C, respectively. The black solid lines in the histograms are the fitting Gaussian curves, 
and the nanoparticle density in NPs/μm2 and the mean diameters or interparticle separations (M) with 
standard deviation (SD) values are inserted in each sub-figure.
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to the other nanoparticles formation methods obtained by other research studies 
which illustrated the nanoparticles formation of different sizes and interparticle 
separation as the temperature increased. Also, those methods required subsequent 
process of annealing temperature as an additional process that showed indirect 
deposition on the substrate surface [35–38]. Moreover, the substrate temperature 
provides sufficient surface mobility to the deposited Ag nanoparticles for diffusion 
into their growth sites and coalescing to form larger particles [39]. In addition, 
the ionized hydrogen radicals in the plasma deposition can transfer their kinetic 
energies to the ITO surface leading to increase the surface diffusion of Ag adatoms 
that enhances the uniform distribution of the deposited Ag nanoparticles on the 
ITO surface. Density of the deposited Ag nanoparticles decreases with increase in 
the substrate temperature, with the highest density of Ag nanoparticles obtained 
at 80°C compared to the room temperature (Figures 3(d) and 4(e)). This indicates 
that the substrate temperature of ITO/glass provides sufficient surface mobility 
for the Ag adatoms to form Ag nanoparticles with the highest density at 80°C. 
Moreover, the substrate temperature at 200°C and 250°C, the size of the nanopar-
ticles increased in a non-uniformity and an inconsistent interparticle distribution, 
as seen in Figure 4(c and d). The hydrogen plasma can etch out oxygen bonded to 
the ITO surface leading to formation of SnO and In2O3 particles at higher substrate 
temperatures more than the melting temperatures of In (156.6°C) and Sn (231.9°C). 
Then, the oxygen adatoms diffused to the Ag nanoparticles resulting in formation 
of Ag oxide layer [40]. These oxide layer and SnO and In2O3 particles appeared 
the nanoparticles in non-uniformity in the size and shape (Figure 4(c and d)). 
The area filling fraction is represented by the ratio of the nanoparticles area to the 
substrate area [41]. The calculated area filling fractions for the nanoparticles were 
20.79, 26.96, 32.35, and 34.65% at substrate temperatures of 80°C, 140°C, 200°C, 
and 250°C, respectively. The increase in the area filling fraction of Ag nanoparticles 
with decreasing in the density as the substrate temperature increases on ITO/glass 
substrate is due to the increase in the size with decrease in interparticle separation, 
as shown in Figure 4(e–l). Therefore, the physical properties of Ag nanoparticles 
on ITO substrates can be simply controlled by fine-tuning in the substrate tempera-
ture to below 200°C with using plasma during the growth processes.

3.2 Structural properties

The deposition of Ag nanoparticles on the oxide substrate under hydrogen 
plasma may affect on the composition of the nanoparticles. The nanoparticles 
structure can be recorded via X-ray diffraction (XRD) patterns. Figure 5 shows the 
XRD patterns of the Ag nanoparticles deposited on ITO/glass substrates at different 
substrate temperatures. ITO diffraction peaks are obviously presented in prepared 
sample at 25°C with diffraction peaks shown in Figure 5, according to JCPDS 
card no. 01-089-4596. These diffraction peaks of ITO significantly decrease with 
increasing in the temperature due to the plasma etching on the ITO surface. A small 
noticeable diffraction peak at 32.8°, which corresponds to the Ag2O crystalline plane 
of (111) according to JCPDS card no. 41-1104, appeared at all samples and increases 
with increasing in the temperature. An additional diffraction peak of Ag2O at 68.8° 
for the crystalline plane of (222) can be observed at temperatures above 200°C. 
Moreover, AgO diffraction peaks are also observed in the prepared samples at all 
substrate temperatures above 80°C. These diffraction peaks of AgO located at 39.4, 
56.88, and 67.3° correspond to the crystalline planes of (−202), (−113), and (−313), 
according to JCPDS card no. 022-0472. Moreover, very small diffraction peaks 
of metallic Ag appeared at 38.1 and 44.3° indicated to crystallographic planes of 
(111) and (200), respectively. The emergence of AgO and Ag2O peaks is due to the 
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ejection of oxygen adatoms from the ITO surface by hydrogen etching in ambient 
plasma at higher substrate temperature leading to oxidation of the Ag nanoparticle 
surface. Thus, the Ag oxide is formed as a shell and the metallic Ag is as a core of the 
nanoparticles. The crystallite sizes of Ag2O are 4.04, 7.94, 13.19, 17.92 and 21.13 nm 
for different substrate temperatures of 25, 80, 140, 200 and 250°C, respectively, 
while the crystallite sizes of AgO appeared at 140, 200 and 250°C to be 7.29, 15.29 
and 22.45 nm, respectively. The increasing in the crystallite sizes of the Ag oxides is 
due to the increasing in the diffusion of oxygen adatoms into Ag nanoparticles dur-
ing the deposition processes. In addition, small diffraction peaks at 44.9 and 62.5° 
were obviously appeared at 250°C. These diffraction peaks belong to the crystalline 
planes of metallic Sn (according to JCPDS card no.00-004-0673 for crystalline 
plane of (211) and (112), respectively). These metallic Sn diffraction peaks indicate 
to the formation of Sn particles due to the hydrogen plasma etching effect at higher 
substrate temperature.

The chemical materials of the deposited Ag nanoparticles on ITO surface can 
be obtained by a wide scan of X-ray photoemission spectroscopy (XPS), as shown 
in Figure 6(a). The wide scan of XPS of the deposited Ag nanoparticles on ITO 
substrate exhibited the presence of ITO, Ag and carbon materials. The existence of 
the carbon material is attributed to adventitious carbon which is normally pres-
ent in all air-exposed materials. Thus, PAHFE technique is a suggested method 
to deposit pure Ag nanoparticles without any additional materials which usually 
exist during the synthesis process. The narrow-scan of Ag materials for different 
substrate temperatures is presented in Figure 6(b). The highest XPS peak was at 
80°C due to the highest density of the nanoparticles. Then, the XPS peaks decrease 
with the substrate temperature more than 80°C and disappeared at 200 and 250°C. 
This means that Ag nanoparticles diffuse away from the ITO surface at higher 
temperatures due to incorporation of SnO and In2O3 particles as shell layers onto 
the Ag nanoparticles. Li et al. have reported decreasing in the Ag content at heat-
treatment temperature above 300°C due to the diffusion of Ag nanoparticles away 

Figure 5. 
XRD patterns of Ag nanoparticles deposited on ITO/glass substrates at different substrate temperatures. The 
reference of bulk Ag is provided in the figure [33].
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from surface [42]. In Figure 6(c), the XPS peak of Ag 3d was deconvoluted into 
three components located at 368.2, 367.8, and 367 eV (Ag 3d5/2), corresponding to 
the Ag’s metallic state and the two oxidation states of AgO and Ag2O [43–45]. These 
Ag oxidation states caused by the formation of AgO and Ag2O attributed to the 
diffusion of surface oxide from the ITO substrate, forming a metallic oxide layer on 
the nanoparticles. The variations of relative integrated intensity for the Ag decon-
voluted components are plotted against substrate temperatures in Figure 6(d). The 
oxidation of Ag nanoparticles is maximal at the substrate temperature of 80°C, 
forming AgO and Ag2O shell layers on the nanoparticles and shows decreasing 
with increasing in the substrate temperature due to the covering by SnO and In2O3 
materials on the Ag nanoparticles as shell layers at higher temperatures.

3.3 Optical properties

Optical properties of Ag nanoparticles layer are dependent on their sizes and 
interparticle separations which are dependent on the experimental parameters. 
The optical absorbance and transmittance can be examined by UV–VIS–NIR 
spectrophotometer. Figure 7 showed the optical absorbance and transmittance 
of the deposited Ag nanoparticles on ITO substrates with using plasma and no 
plasma conditions at room temperature of the substrate temperature. The absor-
bance spectra showed one peak for deposited Ag nanoparticles with plasma and 
three peaks for no plasma condition. This means the deposited Ag nanoparticles at 
plasma condition appeared as isolated nanoparticles while at no plasma condition 

Figure 6. 
(a) Wide-scan and (b) Ag 3d narrow-scan of the XPS spectra for Ag nanoparticles deposited on ITO/glass 
substrates at different substrate temperatures. (c) Typical deconvoluted components to their binding energies 
of Ag 3d narrow-scan, and (d) variations of the respective deconvoluted components against the substrate 
temperature.
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exhibited a coupled nanoparticles for the two shorter wavelength with appearance 
larger particles for the third wavelength. The isolated Ag nanoparticles have larger 
interparticle separations than its diameter while the coupled nanoparticles have 
smaller interparticle separation than its diameter [46]. The LSPR peak of these iso-
lated Ag nanoparticles deposited with plasma condition showed wide spectrum and 
centred around 426 nm. However, the nanoparticles size is slightly less than 10 nm 
that leads to the sharp LSPR peak to be appeared around 400 nm [46]. These shift 
and wideness are due the formation of Ag oxide as a shell around Ag nanoparticles 
[8, 47]. Moreover, the intensity of spectrum for with plasma condition appeared 
higher than no plasma condition that means the deposition higher nanoparticles 
density at with plasma condition.

For the different substrate temperature with using plasma parameters, the 
optical absorbance and transmittance spectra of the deposited Ag nanoparticles on 
ITO substrates are depicted in Figure 8(a and b). The SPR peak located at 320 nm 
remains constant with the change in substrate temperature owing to the absorption 
coming from the ITO/glass substrate [48]. The SPR peak at 140°C showed slight 
blue shift with higher intensity compared to at 80°C of the substrate temperature. 
This slight blue shift is due to a reduction in the interparticle separation to diam-
eter ratio with increasing in the diameter, while the higher intensity belongs to 
higher area filling fractions for Ag nanoparticles [49]. The absorbance spectra at 
higher substrate temperature appeared interference fringes in the visible region 
due to coherent multiple reflections on the ITO surface. The appearance of these 
reflections comes from the ITO surface decomposition via hydrogen plasma with 
hot-filament at above 80°C leading to increase in the interference and absorption 
peaks of ITO with temperature. The transmission spectra show high transmittance 
at 80 and 140°C and very low at substrate temperature up to 200°C and 250°C. 
This low transmittance belong to increase in the nanoparticles size leading to larger 
scattering of light. The interference of ITO decomposition and absorption peaks of 
Ag nanoparticles were fitted by Gaussian fitting components as demonstrated in 
Figure 8(c). The appearance of two significant SPR peaks is due to the assembly of 
Ag nanoparticles as coupled nanoparticles.

The SPR peaks of the deposited Ag nanoparticles on ITO surface in different 
plasma deposition and Ag wire sizes are shown in Figure 9(a and b), respectively. 
The SPR peak increases with red shift for increasing in the plasma deposition of 
12, 18 and 24 W at room temperature of the substrate temperature, as presented 
in Figure 9(a). The high intensity refers to higher area filling fractions for the 

Figure 7. 
(a) Absorbance and (b) transmittance spectra of Ag nanoparticles deposited on ITO with plasma and no 
plasma conditions at room temperature of the substrate temperature.
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deposited Ag nanoparticles and the red shift belongs to increases in the nanopar-
ticles size for isolated nanoparticles at 12 and 18 W of plasma deposition. There is 
a small peak appeared in shorter wavelength at 24 W that means the appearance of 

Figure 8. 
(a) Absorbance and (b) transmittance spectra of Ag nanoparticles deposited on ITO with using plasma at 
different substrate temperatures. (c) Gaussian deconvolution of absorbance spectrum for Ag nanoparticles 
deposited on ITO/glass substrates at 140°C [33].
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the coupled nanoparticles at higher plasma deposition. For different Ag wire sizes 
shown in Figure 9(b), the absorbance peaks increase in the intensity with increas-
ing in the Ag wire sizes that belong to increasing in the area filling fractions for the 
deposited Ag nanoparticles by increasing in the nanoparticles size. The shorter peak 
showed slight red shift at 2 mm and blue shift at 3 mm of Ag wire size while the 
middle peak exhibited slight blue shift with appearance of a third peak at 3 mm of 
Ag wire size. These peaks resulted from the overlapping of the SPR of Ag nanopar-
ticles with the ITO interference due to the substrate temperature of 100°C, and the 
shifts refer to gradually decreasing in the interparticle separation to diameter ratios 
at 2 mm and 3 mm, respectively.

3.4 Electronic structure

The optical band gap for ITO with Ag nanoparticles prepared at 25, 80, 140, 
200, 250°C of substrate temperatures are about 4.131, 4.097, 4.076, 4.098 and 
4.134 eV, respectively [33]. The decreasing of the optical energy gap of the ITO with 
Ag nanoparticles compared to the determined band gap of the ITO around 4.153 eV 
is due to the small band gap of Ag2O and AgO about 1.46 and 1.7 eV, respectively 
[50, 51]. The small change in the optical band gap is due to the small area filling 
fraction of the nanoparticles on ITO surface. Moreover, the work function for ITO 
with Ag nanoparticles prepared at 25, 80, 140, 200, 250°C of substrate tempera-
tures are about 4.18, 3.97, 4.19, 4.29 and 3.26 eV, respectively. These work functions 
showed slightly lower than the pure ITO work function (4.72 eV) due to the work 
function of Ag polycrystalline of 4.26 eV [52]. Moreover, the slight reduction in the 
work function at 80°C is due to the increasing in the crystallite size of Ag2O, and the 
slight increment in the work functions at 140 and 200°C are due to the formation 
of AgO [53]. Furthermore, a reduction in work function to 3.26 eV was noticed in 
the ITO with Ag nanoparticles prepared at substrate temperature of 250°C. This 
reduction is due to the decomposition of ITO at higher temperature resulting in the 
formation of ITO nanoparticles, which have been reported its work function lower 
than work function of the bulk material (~3.8 eV) [54]. In addition, it is known that 
the work function is the energy difference between the Fermi level and the vacuum 
level, and increasing in the work function leads to improvement in electronic 
conductivity [55]. However, the Ag oxide leads to loss of electrons compared to the 
metallic Ag due to the reduction in the Fermi level edge [53]. Figure 10 shows the 
energy levels diagram of pure ITO and ITO with Ag nanoparticles. The increasing 
in the energy difference of ITO with Ag nanoparticles compared to pure ITO has 

Figure 9. 
Absorbance spectra of Ag nanoparticles deposited on ITO surface at (a) different plasma deposition at 25°C, 
and (b) different Ag wire size at 100°C.
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been reported to be null due to an increasing in quantity of free electrons in the 
Fermi level [33].

3.5 Electrical properties

The distribution of small size of Ag nanoparticles on a layer does not conduct 
electricity efficiently. However, deposition of these nanoparticles on conducting 
layer (ITO) may affect on the surface conductivity of the conducting layer. The 
sheet resistances of ITO surface with Ag nanoparticles prepared with using plasma 
at different substrate temperatures of 25, 80, 140, 200, 250°C are about 7.75, 7.45, 
8, 8.87 and 16.91 Ohm/square, respectively [33]. At the substrate temperature 
below 200°C, there is no significant effect in the sheet resistances of ITO with Ag 
nanoparticles and pure ITO (7.68 Ohm/square). However, the sheet resistance of 
ITO with Ag nanoparticles showed increasing at substrate temperature of 250°C. 
This increment in the sheet resistance have been reported for ITO particles with 
thickness of approximately 20 μm to be about 15 ± 5 Ohm/square [56]. Moreover, 
the resistance sensitivities of AgO and Ag2O have been reported to be about 50 and 
12.5 Ohm.m, respectively [57–59]. Thus, the increasing in the Ag oxidation and the 
formation of In2O3 and SnO particles lead to change in sheet resistance for ITO with 
Ag nanoparticles at 250°C resulting in increasing in the contact resistance between 
the Ag nanoparticles and ITO.

4. Growth mechanism

The formation of Ag nanoparticles at different substrate temperatures using 
PAHFE technique was sequentially clarified in two processes, plasma cleaning and 
plasma deposition. For the plasma cleaning, a high energetic hydrogen ions as a 

Figure 10. 
Energy level diagrams of Ag nanoparticles deposited on ITO/glass substrates at different substrate temperatures 
and blank ITO substrate, respectively. The valence band energy EVB, Fermi energy EF, conduction band energy 
ECB, electron affinity EA, and vacuum level energy EVac are indicated in the figure [33].
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hydrogen plasma was run for 10 minutes. This hydrogen plasma acts to remove the 
oxide contaminations from the ITO and Ag wires surfaces as well as activate the 
substrate surfaces [60, 61]. After the plasma cleaning, high density of remaining 
surface bonded oxygen was produced on the ITO top and sup-layers and increases 
with rising in the substrate temperature. Increasing in surface bonded oxygen on 
the ITO leads to form In2O3 and SnO columnar grains at higher temperatures. For 
plasma deposition, the hot filament was run with the hydrogen plasma for evapora-
tion Ag wire under plasma environment. The thermal energetic of the evaporated 
Ag adatoms were reached to the ITO surface to form Ag nanoparticles with oxide 
shell layers of Ag2O and AgO due to the high-density bonded oxygen surfaces. 
Moreover, the Ag adatoms have a limited surface mobility on high density bonded 
oxygen surfaces. Thus, the low substrate temperatures lead to the nanoparticles 
formation with oxide shell layers due to low bonding energies of Ag-Ag and Ag-O of 
more than 163 and 213 eV, respectively [62].

The decomposition of ITO surface into SnO and In2O3 particles can be observed 
at substrate temperature more than 200°C due to the low melting points of In and 
Sn which are 156.6 and 231.9°C, respectively. The hydrogen plasma facilitates the 
surface decomposition of ITO leading to increase of oxygen adatoms in the nucle-
ation sites [33]. Moreover, increasing in the substrate temperatures leads to increase 
in surface diffusion of the surface oxygen adatoms into the decomposed sites of ITO 
resulting in formation of large particles of In2O3 and SnO. Furthermore, the bond-
ing energy of SnO (528 eV) is more stable than In2O3 (360 eV) at higher substrate 
temperature of 250°C. Thus, the oxygen surface diffusion with decomposition of 
ITO enhances the formation of SnO nanoparticles leading to reducing in the AgO, 
Ag2O, and In2O3 nanoparticles on the surface at higher substrate temperatures.

5. Conclusion

Ag nanoparticles layer were deposited on ITO substrates via PAHFE technique 
at low substrate temperatures less than 200°C. This technique is simple and fast 
deposition which required approximately 3 minutes of the deposition time and 
showed directly formation of the nanoparticles layer from the pure Ag wire source. 
The size and interparticle separation of Ag nanoparticles can be controlled by 
variation in the experimental parameters. The morphological, structural, optical, 
and electrical properties of the Ag nanoparticles produced were also studied. Using 
plasma during the deposition leads to formation of uniform size and distribution of 
Ag nanoparticles. The nanoparticles growth rate was induced by increasing in the 
substrate temperature up to 140°C leading to increasing in the nanoparticles size 
and interparticle separation. The oxygen adatoms can diffuse to the nanoparticles 
to form Ag oxide shell which was enhanced by the plasma ambient and substrate 
temperature. Moreover, the SPR of the nanoparticles was strongly dependent on 
the diameter and interparticle separation of the nanoparticles. In addition, the high 
population of the Ag nanoparticles at 80°C improved the surface conductivity for 
the ITO with Ag nanoparticles to be at 7.45 Ohm/square and decreased the work 
function to 3.97 eV. However, the formation of SnO and In2O3 particles at the sub-
strate temperature of 250°C increased the sheet resistance to 16.91 Ohm/square and 
more decreasing in the work function to 3.26 eV. Furthermore, the variation in the 
experimental parameters using PAHFE technique was observed to tune the opti-
cal and electrical properties of ITO with Ag core and Ag oxide shell nanoparticles 
resulting in changes in the functionality of Ag nanoparticle-coated transparent 
conductive oxide thin films to be useful in the applications of the optoelectronic 
devices.
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