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Abstract 

Developing a new design and structure of transparent conductive oxides (TCO) materials to 

improve performance in optoelectronic devices are important and quite challenging. 

Microstructural, optical and electrical properties of sandwiched Al-Ag metals interlayer 

between top and bottom ITO layers (ITO/Al-Ag/ITO) have been investigated. The multilayer 

ITO/Al-Ag/ITO (IAAI) films were prepared using RF and DC magnetron sputtering method. 

Post annealing treatment at 400oC was conducted on IAAI and ITO (for reference) films in air. 

X-ray diffraction measurements show that the insertion of Al-Ag intermediate bilayer led to 

the crystallization of Ag interlayer even at as-deposited stage. Peaks intensities at ITO (222), 

Ag (111) and Al (200) crystal plane were observed after annealing treatment, indicating an 

enhancement in crystallinity of the IAAI film. The post-annealed IAAI film reveals a 

continuous and smooth surface roughness with improved growth in grain size as examined by 

atomic force microscopy (AFM) and field emission scanning electron microscopic (FESEM) 

respectively. Comparing the optoelectronic properties of IAAI film with single ITO film, the 

annealed IAAI film exhibited a remarkable improvement in optical transmittance (86.1%) with 

a very low sheet resistance of 2.93 Ω/sq as measured by UV-Vis spectrophotometer and four-

point probe method. The carrier concentration increased more than double when Al-Ag layer 

was inserted between the ITO layers as determined by Hall Effect measurements. The under 

layer Al film helps to halts the Ag film agglomeration and oxidation which subsequently 

enhances the stability of IAAI multilayer film.  The performance of IAAI contact has been 

found to be high at 76.4 × 10-3 Ω compares to single ITO (69.4 × 10-3) contact as calculated by 

the figure of merit (FOM). 

Keywords: figure of merit; ITO; multilayer structure; post–annealing treatment; RF sputtering. 
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Introduction 

Presently transparent conducting oxides (TCO) thin films have been receiving much 

attention due to their massive contribution as a contact in several optoelectronic devices such 

as LED[1], solar cell [2] and flat panel display[3]. Indium tin oxide (ITO) is the most 

considered TCO for industrial and laboratory applications due to its excellent optical and 

electrical properties [4,5]. It is a wide band gap material ( ̴ 3.6 - 4.0 eV) with low electrical 

resistivity and because of those factors, it dominates the optoelectronic market. ITO constitutes 

a rare and expensive indium metal which reflect in the market value of the material[6]. Hence, 

the need for reduction of ITO consumption is necessary for friendly market value. Adjustment 

of ITO film to a small thickness could result in high optical transmittance in the visible region 

but resistivity increases which is an issue [4,7-8]. Therefore, the search for new material design 

and structures of ITO based films to enhance performance in optoelectronic devices is of 

paramount importance. Inclusion of metal thin film between the top and bottom of  ITO layers 

(multilayer structure) has been explored recently for efficient photoelectric devices[7]. As 

reported, the multilayer structure not only improves the conductivity property of the contact 

but also make the device cost-effective since indium metal consumption is reduced[9-11]. The 

insertion of metal layer reduces the transparency of the ITO due to opaqueness nature of the 

metal, but selecting an optimum metal thickness can effectively decrease the reflection from 

the metal films and hence enhances the transmittance. Furthermore, it gives room for selective 

transparency in the visible region of the spectrum [9,12-13]. However, it is observed that the 

quality of both the metal and ITO layers determines the optical and electrical performance of 

the multilayer structures[4]. 

Embedding metal thin film in-between ITO layers couple with annealing process 

enhances the photo-responses and rectification properties of the ITO device. Single or double 

metal thin films of either Ag, Al, Ti, Au, Cr, or Ni have been used to embed ITO layers for 

improving performance[4, 8,14-17]. Free electrons in metal inserted ITO materials speed up 

the separated charge carriers and hence gear up the light transport from lower to the upper part 

when the light is incident on the device[9]. Al films good adhesion, low resistivity, non-

oxidation and corrosion properties are quite impressive and as such is suitable for optical and 

electronic device applications [18-20]. The low resistivity and high transmittance (compared 

to other metals) in the visible region of Ag thin films at room temperature are key properties 
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that attracted the widely use of Ag layer in  ITO multilayer contacts [21-24]. In spite of the 

magnificent effects of annealing process on ITO based multilayer, deposited Ag thin films 

agglomerate upon annealing due to low adhesion and easy wandering of Ag atoms to the 

surface which degrade the properties of the film [25]. This issue can be overcome by 

embedding thin metal film of any of Al, Au, Pd, or Cr etc., in Ag film due to their adhesion 

property [4,25-26].  

Optical and electrical properties of ITO films are enhanced by post-deposition 

annealing especially at high temperature [7]. Gulen et al. [27] exposed single ITO films 

deposited by sputtering to heat treatments at different temperatures 100oC-700°C. Effective 

improvement in microstructural, optical and electrical properties of the film annealed at 400 

°C was observed. Similarly, a significant enhancement in optoelectronic properties of 

ITO/Ag(Cr)/ITO multilayer was achieved by film annealed at 500°C[4]. Further treatments 

beyond 500°C resulted in the degradation of films structure due to the appearance of metallic 

nanoparticle on the multilayer surface [4, 28]. Furthermore, post-annealing at 200 °C was found 

to be remarkable for 5.07 nm intermediate Al films with an estimation of 12.28 × 10-4 Ω-1 figure 

of merit (FOM) as obtained by Cho et al., [29]. Rapid thermal annealing conducted on 

ITO/Ag/ITO films by Joeng et al., [28] indicates a good improvement in transmittance for film 

annealed at 300°C and lowest sheet resistance and resistivity was obtained by film annealed at 

500°C  but with reduced optical transmittance. Also in a similar case, a durability test of ITO 

sandwich Ag-alloy interlayer electrode against heat treatment was carried out by Roh et al. [30] 

at 450oC.  Ag films appreciable durability and stability was observed. In the present work, 

structural, optical and electrical properties of Al-Ag bilayer inserting ITO layers (ITO/Al-

Ag/ITO) are highlighted. Moreover, post-annealing treatment was conducted at 400oC on both 

the ITO/Al-Ag/ITO (IAAI) multilayer film and grown single ITO film for comparison.  

Results and discussion 

Figure 1 shows the X-ray diffraction (XRD) patterns for as-deposited and annealed IAAI 

multilayer films. The as-deposited film shows an amorphous structure for top ITO layer with 

a strong Ag diffraction peak at (111) direction, showing that, Ag intermediate layer is present 

in a crystalline phase as also obtained in the work of Kim et al.[31]. The IAAI film becomes 

polycrystalline upon annealing at 400oC. Strong peak intensities at (222), Ag (111) and (440) 

crystal directions were observed after post-annealing treatment. The appearance of diffraction 

peaks of ITO (222), Ag (111) and Al (200) intensities on annealed film indicates a crystalline 
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enhancement in the film. The diffraction peaks of In2O3 appears to be dominant without tracing 

any of SnO2, Sn or SnO characteristics peaks.  

      Upon deposition of the IAAI films, the kinetic energies (K.E) of sputtered atoms arriving 

at the substrates are low and hence the amorphous structure. But it can be noted that the K.E 

of the arriving sputtered Ag particle atoms is a bit higher and therefore crystallized at the as-

deposited level. Furthermore, on annealing, the sputtered surface adatoms gain additional K.E 

after relieving itself with some stress which also led to an increase in adatoms mobility. This 

process enables grain growth and crystallization and similar findings were reported by some 

researchers [32-34]. Similarly, grain sizes of as-deposited and annealed IAAI films were 

calculated using Debye-Scherer equation, 

          𝐷 = 0.9𝜆
𝛽𝑐𝑜𝑠∅⁄                                                                                                              (1) 

Where λ is the X-ray wavelength of the Cu-Kα radiation (1.5406 Å), β is the corrected full 

width at half-maxima (FWHM) and Ø is the Bragg angle. The calculated grain sizes are 51.6 

nm for as-deposited IAAI film and 68.9 nm for annealed IAAI film. 

Figure 1: XRD spectra for as-deposited and annealed IAAI films. 
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      The elemental composition (weight %) of the IAAI films on Si substrate scanned by 

energy-dispersive x-ray spectroscopy (EDXS) is displayed in Table 1. Reduction in weight per 

cent of nitrogen N and oxygen O was observed after annealing treatment. Whereas, an increase 

in weight per cent of the metal and semiconductor materials including Al, Ag, In, Sn and Si 

were also observed after annealing process with Si material showing the highest elemental 

composition. The large weight composition of Si is due to its position as the base material. 

Moreover, Sn exhibited a low composition because it serves as a dopant element to ITO. The 

low composition was additionally observed in Al material which is attributed to its very thin 

layer. The scanned elemental distribution for both the as-deposited and annealed IAAI films 

are shown in Figure 2 (a and b). 

Table 1: Elemental composition in weight % of the IAAI films on the silicon substrate 

Elemental (weight)            N            O           Al              Ag          Si            In            Sn 

 

As-deposited IAAI       3.41       12.51     0.51         11.01    49.01     22.09      1.46 

Annealed IAAI             2.11       11.01     0.57         11.50   50.50       22.32     1.99 

 

Figure 2: EDXS properties of (a) as-deposited IAAI (b) annealed IAAI 
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        Surface morphology of the IAAI and ITO films was studied using atomic force 

microscope (AFM) system scanned over an area 1 μm x 1 μm as shown in Figure 3 (three 

dimensional, (3D) images ).  Smooth surface roughness with an increased root means square 

(Rrms) and average roughness (Ra) values for both IAAI and ITO films after post-annealing 

treatment were observed. As determined by Nanoscope Analysis, average grain size increased 

from 53.53 nm (as-deposited) to 60.03 nm (annealed) for IAAI films and 27.59 nm (as-

deposited) to 31.18 nm (annealed) for single ITO films. The large grain size of IAAI films 

narrows the grain boundary and reduces the scattering effect within the grain boundary and 

hence the smoother. The reduction in grain boundary scattering paves the way for improve 

carrier mobility thereby boosting the films electrical conductivity. 

 

Figure 3: AFM 3D images for (a) as-deposited IAAI film (b) annealed IAAI film (c) as-deposited ITO 

film and (d) annealed ITO film.  

 



 

7 

       Additionally, surface morphology of the IAAI and ITO films were further analysed by 

field emission scanning electron microscopic (FESEM) technique using 5.0 kV voltage and 

100000x magnification. Figure 4 shows FESEM images of the as-deposited and annealed IAAI 

and ITO films deposited by a sputtering method. All the as-deposited IAAI and ITO films show 

a smooth and continuous surface with small grains and dense particles (for IAAI film) evenly 

distributed. The films surface become smoother and the grain sizes increased after annealing 

treatment with the IAAI film exhibiting larger grain sizes. Island formation or agglomeration 

Al-Ag metal films on the surface of the annealed IAAI film was not significant to warrant 

unwanted microstructural changes and hence, IAAI is said to be stable at this temperature. The 

films surface roughness results by FESEM and AFM techniques are in good agreement. 

 

Figure 4: FESEM images of (a) as-deposited IAAI (b) annealed IAAI (c) as-deposited ITO (d) annealed 

ITO. 

 

          The optical characteristics of the as-deposited and annealed IAAI and ITO films as measured by 

ultraviolet-visible spectrophotometer (UV-vis) is shown in Figure 5. It can be seen, that the annealed 

IAAI and ITO films show a significant increase in optical transmittance. The post annealed IAAI 

indicates transmittance of ̴ 86.1 % in the visible range. The increase in transmittance is attributed to the 

improvement of the metals interlayer crystallinity (after annealed) which resulted in minimum light 
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scattering from the metals thin films [28-30]. Besides, the post-annealing treatment has 

successfully able to reduce the defects responsible for light scattering and hence the 

enhancement in structural ordering and consequently the transmittance [4, 35]. The enhanced 

structural ordering decreases the electron scattering from the grain boundaries and impurities. 

This can lead to increase in the effective charge carrier conduction. Although, the annealed 

ITO film at this thickness shows better transmittance characteristics at ̴ 96 %, but that comes 

with an increasing resistivity which is an issue [32, 36]. It can be observed in Figure 5, that the 

transmittance spectra of the annealed IAAI shifted toward shorter wavelength of the spectrum 

indicating a blue shift in the transmittance. The increased in ITO film carrier concentration is 

responsible for the blue shift and this can be clearly explained by the Burstein-Moss shift 

model[9, 37]. 

 

Figure 5: Optical transmittance of as-deposited and annealed IAAI and ITO films. 

 

      Electrical properties of IAAI and ITO films from four-point probe and Hall measurements 

systems were displayed in Table 1 for comparison. Sheet resistance and resistivity of IAAI film 

are shown to be lower compared to annealed ITO film and further decreases upon annealing at 

4000C in air. The decrease can be attributed to the inclusion of highly conductive (low 

resistivity) metal layers. Even though metal layers inclusion tends to decrease the transmittance 
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of the film, the conduction of heat treatment at high temperature narrows the transparency-

conductivity trade-off by reducing the film structural defects. Similarly, considering the 

multilayer structure of IAAI film, it is sheet resistance can be expressed as [29]; 

𝟏

𝑹
𝒔𝑻𝟏

=  (
𝟏

𝑹𝑨𝒍
 +

𝟏

𝑹𝑨𝒈
) + 

𝟐

𝑹
𝒔𝑰𝑻𝑶

                                                                                                     (2)  

where 𝑅𝑠𝑇1 is the total sheet resistance of IAAI films, (
𝟏

𝑹𝑨𝒍
 +

𝟏

𝑹𝑨𝒈
) represent the sum of sheet 

resistant of Al and Ag films, while  
2

𝑅
𝑠𝐼𝑇𝑂

 is the sheet resistance for combined top and bottom 

ITO thin films.  

         Lowest sheet resistance and resistivity values of 2.93 Ω/sq and 2.64 × 10-5 were obtained 

by the annealed IAAI film as indicated in Table 1. Generally, one can say that the inclusion of 

low resistivity metals thin films, coupled with a reduction in grain boundary scattering that 

leads to strong film crystallization after post-annealing is responsible for the large reduction in 

both the sheet resistance and resistivity. The carrier concentration and mobility of IAAI film 

are relatively higher than the ITO film. The IAAI carrier concentration increased from 6.2 × 

10-21 to 8.9 × 10-21 cm-3 after post-annealing treatment. Likewise, the carrier mobility increased 

significantly to ̴ 30.2 cm2V-1s-1 from ̴ 22.5 cm2 V-1s-1 (for as-deposited IAAI film). Similar 

findings were reported by Meshram et al. [4], Kumar et al.[9]  and Ali et al.[34] Such that 

increased in carrier concentration is attributed to grain growth and decreased in scattering 

mechanism. 

 

Table 2: Comparison of electrical resistivity (Ω cm), sheet resistance (Ω/sq), carrier 

concentration (cm3), and carrier mobility (cm2/Vs) of as-deposited and annealed ITO and IAAI 

multilayer films. 

Factors                              as-deposited ITO    annealed ITO     as-deposited IAAI   annealed IAAI 

 

Resistivity (Ω cm)              1.64 × 10-4                    1.52 × 10-4                 8.12 × 10-5                2.64 × 10-5 

Sheet resistance (Ω/sq)             18.2                     9.34                     8.12                   2.93 

Carrier concentration (cm-3)  2.01 × 1021                 2.58 × 1021           6.2 × 1021          8.9 × 1021 

Mobility (cm2/Vs)                      2.75                     5.51                        22.5              30.2 
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The quality of any ITO based film is perfected by high optical transmittance Topt and low sheet 

resistance Rs. As shown in equation 3, the performance of IAAI multilayer and ITO films were 

determined using a figure of merit (FOM) developed by Haacke, [38], 

𝐹𝑂𝑀 =
𝑇10

𝑅𝑠
                                                                                                                            (3) 

         Optical transmittance and electrical conductivity properties of IAAI film contact are 

greatly enhanced as determined by FOM after post-annealing treatment. Figure 6 shows the 

transmittance peaks and FOM as a function of as-deposited and annealed IAAI multilayer and 

ITO films. Although ITO film FOM value is higher at as-deposited phase and upon annealing, 

the IAAI film rose to 76.4 × 10-3 Ω-1 as against 71. 92 × 10-3 Ω-1 for annealed ITO film. The 

FOM improvement is as a result of concurrent optical transmittance and conductivity 

enhancement[4]. It can conclude that the combined Ag and Al metals film couple with the 

annealing process at 400 0 C have significantly improved the performance of the multilayer film 

as determined by FOM. This is due to the rapid reduction in sheet resistance accompanied by 

the enhanced optical transmittances. 

Figure 4: Transmittance and FOM of as-deposited and annealed IAAI multilayer and ITO films. 
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Conclusion 

The multilayer structure of ITO/Al-Ag/ITO (IAAI) film was deposited by RF and DC 

magnetron sputtering systems at room temperature respectively. Al-Ag bilayer inclusion 

couple with post-annealing treatment at 400oC significantly enhanced the microstructural, 

optical and electrical properties of the multilayer film. High optical transmittance of 86.1 % at 

450 nm wavelength with a low sheet resistance of 2.93 Ω/sq was obtained for annealed IAAI 

film. According to figure of merit, it is clear that the annealed IAAI film (76.4 ×10-3 Ω-1) 

exhibited better performance as a transparent contact compared to single ITO film (71.9 x 10-

3 Ω-1). The improvement in IAAI film optoelectronic properties is aided by the film 

crystallization after post-annealing treatment. Furthermore, the IAAI larger grain size and 

smooth surface roughness assist in enhancing the optical and electrical properties. 

Experimental 

Materials 

A commercial In2O3:SnO3 (ITO) target of 90:10 weight ratio was used for ITO films 

deposition. Aluminium (Al) and silver (Ag) targets of 99.999 per cent purity and commercially 

prepared were purchased and used for the deposition of Al-Ag interlayer between top and 

bottom of ITO layers. In addition, silicon (Si) wafers of [(100), n-type, phosphorous, 1-10 Ω 

cm and 525+/-25 microns] orientation together with commercial soda-lime glass (for optical 

measurements) were used as substrates or based materials. Decon90 glass cleaner was used for 

glass substrates cleansing. 

Thin films preparation 

SNTEK Korea model of magnetron sputtering system with a dual sputtering source of radio 

frequency (RF) and direct current (DC) that comprises the main deposition chamber (15.7 

inches in height and 23.6 inches in diameter) was used for the thin films preparation. The top 

and bottom ITO layers were deposited using RF sputtering while DC sputtering was applied 

for the Al-Ag bilayer metals thin films deposition.  Prior to the deposition, Si substrates were 

heated in acetone at 55°C for 5 minutes, rinsed in isopropanol and de-ionized water 

respectively. Similarly, glass substrates were cleaned using Decon90 glass cleaner, and then 

rinsed in de-ionized water. Both the Si and glass substrates were afterwards dried in N2 gas 

atmosphere. Initially, the chamber was evacuated to 6.5 × 10-6 Torr after which the bottom ITO 

layer was deposited using RF power of 120 W, with 5.2 mTorr working pressure and 50 sccm 
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Ar gas flow. Before, ITO top layer deposition (same parameters with bottom ITO layer), Al 

and Ag films were deposited one after the other using DC sputtering source with the following 

sputtering parameters; DC power of 100 W, 5.2 mTorr working pressure and 100 sccm Ar gas 

flow for Al film, also a DC power of 100 W, with 4.9 mTorr working pressure and 100 sccm 

Ar flow was set for Ag film deposition. The deposition process for all the layers was carried 

out at room temperature with target-to-substrate distance at 7 cm.  

Filmetrics F20 thickness measurements 

Optical reflectometer Filmetrics F20 system was used to measure all the deposited films 

thicknesses using a Filmetrics thin film analyser F20 model. Each of the deposited thin films 

of ITO, Al and Ag were measured separately. For each film, separate structure on Si was set in 

the FILMeasure software on the computer and all the measurements took place in air 

environment. Initially, the baseline measurement was conducted before each film thickness 

measurement was carried out and at least 97.4% of goodness fit was achieved. 

 

Furnace annealing treatment 

 Carbolite electric furnace was used for the annealing treatments of the prepared thin films 

samples at 400ºC without the introduction of any gas. In this annealing experiment, prior to 

temperature settings, the condition of the carbolite furnace was met at room temperature. After 

the temperature settings, the temperature ramp at 10oC per minutes and when it reached 400oC, 

it was then allowed to stabilize for 5 minutes before turning down the temperature back to 

initial room temperature. 

Structural analyses of the thin films 

The structural properties (phase composition) of the as-deposited and annealed IAAI films 

were determined using X-ray diffraction (XRD) technique. The PANalytic XPERT-PRO MPD 

X-ray diffractometer model was used with Cu Kα1 (λ = 1.540598 Å) radiation as the excitation 

source, 40 kV working voltage and 30 mA of filament current. In this experiment, the phase 

analyses XRD microscope with Cu Kα1 (λ = 0.15406 nm) radiation was operated at a range 15-

90o of 2 Theta degree. Debye-Scherer equation was used to calculate the crystallites (grain) 

size after analysing the data obtained from the XRD results. 
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Elemental composition analyses 

Elemental characteristics of the as-deposited and annealed IAAI multilayer films were 

investigated using energy dispersive x-ray spectroscopy (EDXS). FESEM JEOL JSM-7600F- 

SM17600053, Japan, equipped with an energy dispersive X-ray spectrometer EDS, OXFORD 

X-MAX, Energy 200 premium the UK model was used to analyse the elemental composition 

in weight of the thin films deposited on silicon substrate. The IAAI thin films on silicon 

substrate were scanned by EDXS tool to generate the elemental composition of the films. 

 

Morphological analyses by Atomic force microscopic  

One of the important techniques employed in the analyses of the thin films surface morphology 

is atomic force microscopic (AFM) and it was used during this experiment. AFM Standard 

Operation AFM5010 Hitachi model was used to examine the films surface morphology. Root 

mean square Rq and average Ra  roughness plus grain size morphological analyses were carried 

out using AFM (tapping mode) tool and Nanoscope Analyses software accordingly. All the 

films were scanned over an area of 1 μm x 1 μm respectively. 

 

Field emission scanning electron microscopic analyses 

Surface morphology of the prepared thin films was further studied using field emission 

scanning electron microscopic (FESEM) technique. FESEM JEOL JSM-7600F- SM17600053, 

Japan) equipped with an energy dispersive X-ray spectrometer EDS, OXFORD X-MAX, 

Energy 200 premium the UK was engaged in this experiment. The morphological analyses of 

the IAAI and ITO films samples conducted by FESEM were performed using 5.0 kV voltage 

and 100,000 x magnifications. 

 

Optical transmittance analyses 

Optical transmittance analyses were carried using Shimadzu UV-3101 PC Ultraviolet-visible 

(UV-visible) double-beam spectrophotometer model in the range 300 – 700 nm wavelength. 

The IAAI films deposited on glass substrates were used and prior to optical measurements, 

background (baseline) measurement was performed using 2 non-doped soda-lime glasses 

placed at the 2 adjacent samples holder.  
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Electrical analyses by four-point probe 

Electrical properties analyses that involve the measurements of electrical resistivity and sheet 

resistance of the prepared thin films were performed by four-point probe system. Pro 4 Lucab 

Lab model was used. The electrical resistance of the samples was determined at room 

temperature with a four-point probe electrical tester with respect to film thickness ( measured) 

and supply current (4 mA). The results obtained are an accumulated average of the 

measurements. 

 

Hall Effect measurements analyses 

Further studies on electrical properties in terms of carrier mobility and carrier concentration 

were implemented using Hall Effect measurement system. During this experiment, the 

maximum voltage and current were set at 20 V and 20 mA respectively using Vander Pauw 

type method by employing a four-point probe situated around the sample perimeter. All the 

samples underwent Ohmic contact measurements at room temperature, before Hall mobility 

and carrier concentration measurements. 
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