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Highlights:  

 Tailoring reflectivity and conductivity by layer assembly of organic silver thin film. 

 Growing films over glass and cement substrates by sol-gel method with annealing at 

100 °C. 

 Eight-layer film has high reflectance and conductance features at room temperature. 

 Multilayered thin film in general is thermally stable for annealing up to 400 °C. 

 Multilayered film turns into an insulator when the annealing temperature reaches 

500 °C. 

Abstract. Tailoring reflectance and conductance was achieved through layer by 

layer assembly of a silver acetate based multilayer coating. The coating was 

applied over glass and cement substrates by sol-gel spin coating and by brush 

painting, respectively. The structural, optical and electrical characteristics and the 

composition of the coating were studied. The diffraction peaks for all films 

revealed that the face-centered cubic lattice of the silver crystal structure and the 

films with more layers had a higher degree of crystallinity. The optical 

characteristics showed that having more layers leads to decreasing transmittance 

and increasing reflectance. The I-V characteristics of all samples showed typical 

ohmic contacts in a voltage range of -1 to 1 V. The conductance increased 

drastically as the coating developed into multiple layers. The eight-layer coated 

glass and cement based substrates had very low surface resistance, at 4 Ω and 2 Ω 

at 1 V, respectively. The study also revealed that the resistance behavior of a 

multilayered film generally is thermally stable for annealing up to 400 °C. The 

coating resistance was significantly increased by further increasing the post-

annealing beyond 500 °C. The studied multilayered coating can be used to tailor 

the reflectance and conductance of dielectric substrate surfaces for various 

optoelectronics and sensor device applications. 
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1 Introduction 

Conductive coatings have drawn significant research attention due to their 

potential application in electronic, optoelectronic and sensor devices. They can 

be applied for example in solar cells, displays, light-emitting diodes, sensors, 

photodetectors, and antennas [1]. Tin-doped indium oxide (ITO) is a typical 

conductive thin film coating, however, indium is a rare and expensive element. 

Silver (Ag) based conductive coatings are potentially an inexpensive alternative 

option [2]. Many techniques to deposit silver-based conductive coatings have 

been reported, such as vapor phase deposition [3], magnetron sputtering [4], 

pulsed laser deposition [5], spray pyrolysis [6], and sol-gel [7]. Among these, the 

sol-gel method has emerged as one of the most promising well-controlled low-

cost processing routes [8]. Various coating techniques can be performed to 

deposit a sol-gel onto a substrate, such as dip-coating, spin-coating, brushing, and 

spraying [9]. There are many factors that affect the characteristics of a coating 

produced by the sol-gel method. These factors include coating technique used, 

substrate used (i.e. temperature, materials, roughness), the nature of the sol-gel 

(i.e. viscosity, drying rate, surface tension), and the number and thickness of the 

coated layers [10].  

Typically, the conductive coating is applied to a dielectric substrate. Glass and 

cement based materials are still the main choices for construction in the 21st 

century [11]. In addition to the accumulated knowledge on their mechanical and 

dielectric properties, they also contribute to the aesthetics of buildings and save 

energy [12]. With the aim to convert building surfaces so they can generate power 

by integrating solar cells and/or to create self-sensing buildings, various strategies 

have been adopted. One method is using surface coating/engineering technology 

[13]. Conductive coatings play an essential role in the application of this 

technology. 

Multilayered film coating structures can be optimized to tailor the resistivity and 

transparency of the film [14,15]. Previously, Khan, et al. [15] have investigated 

the electrical and optical properties of a multilayer ZnO thin film coating on glass 

substrates, finding that having more layers decreases the resistance and the optical 

band gap. Wu, et al. [14] explored the optical and electrical properties of 

multilayer thin films of silver mid-layer-embedded BaSnO3 structures on 

polycarbonate substrates. They demonstrated that a higher thickness of the Ag 

mid-layer decreases the transmittance and resistance.  

A review of the literature showed that the properties of silver-based multilayer 

coatings grown by sol-gel technique have not been investigated yet. The present 

study facilitates the fabrication of high conductive and reflective coatings at low 

temperature for optoelectronic and sensing applications at affordable cost. 
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Coatings were applied over glass and cement substrates by sol-gel spin coating 

and brush painting techniques, respectively. The structural, electrical, optical 

properties and thermal stability of the silver acetate based conductive coating 

were studied layer by layer (up to eight layers).   

2 Experimental Methods and Materials 

All chemicals were analytical grade reagents and employed without any 

additional purification. In preparation of the silver acetate based sol-gel for the 

conductive coating, 0.835 g silver acetate (CH3COOAg) was dissolved in 10 ml 

isopropanol (C3H8O). The solution was stirred at room temperature until a white-

colored solution was obtained. After that, the desired amount of diethanolamine 

[HN (CH2 CH2OH)2, DEA] was added. The solution was found to change to a 

milky yellowish color. The molar ratio of DEA to silver acetate was 1 and the 

concentration of silver acetate was 0.5 M. acetic acid (C2H4O2) was added 

dropwise (0.5 ml) to the solution, which was then mixed. After 30 min of stirring 

at room temperature, a beige homogeneous thick solution was obtained. This 

solution was then used for coating. DEA was used as stabilizer and isopropyl 

alcohol as solvent. Acetic acid was used for fast decomposition of the deposited 

solution.  

An adapted Tollens’ reagent was used to prepare the silver-based sol-gel by a 

complexation reaction between silver acetate and diethanolamine [16,17]. Silver 

acetate is preferrable as starting material because of its ability to produce a stable 

and nonexplosive silver precursor [16-18]. The silver acetate reacts with 

diethanolamine to create the diammine silver(I) acetate [Ag(NH3)2]OAc (1) 

without the need for a silver oxide intermediate [18]. In order to obtain a fast 

decomposition regime, acetic acid was employed in the solution. The use of acetic 

acid followed by post-deposition heating to 100 °C results in the formation of 

carbon dioxide gas and water vapor, producing a free residual reducing agent 

[18]. The decomposition effect of acetic acid is the key factor, leading to 

transformation of the silver ions into silver crystals. This reaction increases the 

conductivity of the resulting thin film by improving the continuity of the silver 

particles [19]. The isopropyl alcohol solvent was removed by spin coating and 

heating the deposited thin film up to 100 °C.  

Before the deposition process, 2.5 x 2.5 cm² soda lime glass (plain microscope 

slides) substrates were chemically cleaned using acetone, isopropanol, and 

deionized water. The films were deposited using the sol-gel spin coating 

technique. The solution (0.5 ml) was dropped onto the cleaned glass substrates, 

which were spun at a spin speed and a spin time of 2000 rpm and 40 sec, 

respectively. After this step, the coated substrates were heated in air at 100 °C for 

10 min on a hotplate to evaporate the solvent and remove organic residues present 
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in the silver-based layer. The deposition procedures from coating to drying 

described above were repeated 1 to 7 times to obtain samples with 1 layer to 8 

layers. 

The prepared silver sol-gel was also utilized as a dye to coat selected faces of 

cementitious samples of 50-mm3 cubic size to examine the use of the solution as 

a conductive paint. Ordinary Portland cement (OPC) type I, silica sand with a 

maximum size of 2.36 mm and water were the main materials used to fabricate 

the cementitious cubes of this research. The (OPC), with a Bogue composition of 

58.80% C3S, 19.14% C2S, 7.95% C3A, and 9.42% C4AF, complied with the 

ASTM C150-15 standard specification. Mixing of the materials was performed 

according to ASTM C305. The cubes were demolded after 1 day of casting and 

then standard-cured in lime-saturated water for 28 days. After 28 days of curing, 

the samples were cleaned using deionized water. The cleaned samples were 

coated with an art paintbrush and then conditioned in an oven at 100 °C for 10 

min. These painting and heating steps were repeated 7 times to obtain 1- to 8-

layer samples. The oven drying duration for the final layer was increased to 30 

min to make sure that the applied coating was completely dried and hardened on 

the rough surface. A gradual color change from black to white-grey was noticed 

with progressive drying during the layer-by-layer process.  

The surface morphology of the glass coated samples was measured by using a 

scanning electron microscope (SEM), model FE-SEM, Tescan Vega III. The 

crystalline phase of the thin films was characterized by X-ray diffraction (XRD) 

using Cu Kα radiation in the range 2θ from 20º to 80º. UV-visible transmittance 

spectra were observed in the wavelength range of 200 to 900 nm using a UV- 

VIS–NIR spectrophotometer. Fourier transformation infrared spectroscopy 

(FTIR) was used to determine the chemical components and absorption bands of 

the prepared layer. The thickness of the silver-based coating was estimated to be 

in the range of about 1 µm for one layer. The coated films’ average thicknesses 

were ∼0.9, 2.1, 3.3, 4.5, 5.4, 6.8, 7.9 and 9.8 µm for 1 to 8 layers, respectively. 

The film thicknesses were estimated by a thin film TFProbe (Angstrom Advance 

Inc.). 

For both sets (i.e. glass and cement based substrates), the conventional I-V 

characteristics of the coated films were measured at room temperature using a 

4200-SCS semiconductor characterization system (Keithley) with an applied 

voltage range of -1 V to 1 V. In comparison with the rough cement-based 

substrate surface, the glass substrate had a very smooth surface; both substrates 

had a dielectric nature.  

Two crocodile clips and two probes with copper wires were connected to the 

coated surface of the glass and cement substrates, respectively. The glass samples 
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were isochronally annealed from 100 °C to 500 °C in steps of 100 °C for 10 min 

to study the thermal stability. I-V characteristics measurements at room 

temperature followed each annealing cycle. 

3 Results and Discussions 

The surface morphology and the cross-section of the multilayer (8-layer) silver 

conductive coating on the glass substrate were investigated using SEM images. 

The SEM images are shown in Figure 1(a) and (b). Figure 1(a) shows that the 

sample surface contains dense closely packed particles with a broad size, varying 

from 50 nm to 1 µm. The particles were found to agglomerate in clusters, 

resulting in a granular surface. The cross-section SEM images of the 8-layer silver 

conductive coating show the film grown on the glass substrate. The layers were 

coupled together without boundaries between the layers. Figure 1(b) shows that 

the thickness of the 8-layer coating was around 10 µm. 

 

Figure 1 SEM images of 8-layer silver conductive coating on glass substrate: (a) 

surface morphology image, and (b) cross-section image. 

X-ray diffraction (XRD) measurements were performed at room temperature for 

the thin films deposited on glass substrate by spin coating and heated to 100 °C 

for 10 min. The XRD results revealed only the presence of silver peaks for all 

samples. Figure 2 shows the XRD patterns for the 2-layer, 4-layer, 6-layer and 8-

layer films, with 2.1, 4.5, 6.8, and 9.8 µm average thickness, respectively.  

The diffraction peaks of all films indicate the face-centered cubic lattice of an Ag 

crystal structure [20]. It can clearly be seen that the films with more layers had 

higher intensity and sharper peaks, which indicates a higher degree of 

crystallinity. The two silver peaks were present throughout all coated surfaces, 

appearing at 2θ from 20° to 60° at 38.1° and 44.3°, which corresponds to the 

(a) (b) 
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(111) and (200) directions, respectively. The average crystallite size was 

calculated by Debye–Scherrer’s equation:   

                                                               (1) 

where D is the crystallite size, K is the correction factor taken as 0.94 in the 

calculation, λ is the X-ray wavelength, B is the full width at half maximum of the 

X-ray peak, and θ is Bragg’s angle. The crystalline size of the 2, 4, 6 and 8 layers 

was estimated at 15.74 nm, 17 nm, 19.21 nm and 21.39 nm, respectively. 

 
Figure 2 X-ray diffraction patterns of silver-based conductive coating deposited 

by spin coating on glass substrate and heated at 100 °C for 10 min. 

The Fourier transform infrared (FTIR) spectra of the thin films were recorded. 

Figure 3 shows the FTIR spectra of the double layer silver-based conductive 

coating as an example, since the FTIR spectra of all samples were almost 

identical. The figure shows only two peaks: one peak at 555 cm-1 is observed for 

Ag particulars due to Ag-O excitation [21, 22] and the other peak is due to the 

carbonate group observed at 835 cm-1 [23]. The FTIR spectra confirmed that there 

were no other residual groups.  

Figure 4 shows the UV-visible transmittance spectra as a function of the number 

of layers of the silver based coating on the glass substrate. The absorption edge 

at 300 nm is due to absorption by the glass substrate. All studied silver based 

samples had maximum transmittance at a constant place in the 322 nm 

cos
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wavelength, in agreement with other reports [24]. Generally, the figure 

demonstrates that the films with more layers had lower transmittance. As can be 

seen in Figure 4, the transmittance of the double-layer film decreased after 

reaching its maximum value (53%) at 322 nm down to the minimum value (8%) 

at 400 nm wavelength. 

 
Figure 3 FTIR spectra of double-layer silver-based conductive coating on glass 

substrate. 

Beyond the minimum value, the transmission started to increase up to 20% in the 

visible and near IR region (400~900 nm wavelength). Regarding the 4-layer 

sample, the spectrum characteristics were quite similar to those of the 2-layer 

sample, with lower transmittance values of around 10%. For the 6-layer and 8-

layer samples, the maximum transmittance decreased drastically (about 8%) as 

compared to the samples with fewer layers.  

The transmittance in the range of 400~900 nm wavelength was 4% and 1% for 

the 6- and 8-layer films, respectively. The coating thickness decides the 

transmittance percentage; silver films with higher thickness usually exhibit less 

transparency [25]. The calculated value of the extinction coefficient (k) and the 

refractive index (n) was used to estimate the values of the reflectance of the 

material (R) using the following equation: 

 
 

  22
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  (2) 

The optical reflectance of double, four, six and eight layers of silver-based 

coating in the 300 to 900 nm wavelength range is plotted in Figure 5. This graph 
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shows that the reflectance increased remarkably with film thickness. The 2- and 

4-layer samples had maximum reflectance somewhere at the 400 nm wavelength, 

while the maximum reflectance for the 6- and 8-layer films was at 350 nm. The 

reflectance decreased gradually in the range from 400 to 900 nm wavelength for 

the 2- and 4-layer films.  

The reflectance of the two-layer sample decreased by 20% from 0.85 at 400 nm 

wavelength to 0.65 at 900 nm wavelength. For the 6- and 8-layer samples, the 

reflectance was almost constant in the range from 350 to 900 nm wavelength, 

after reaching their maximum values of 0.93 and 0.99, respectively. This means 

that they were 93% and 99% higher than the incident radiation. 

 
Figure 4 UV-visible transmittance spectra as a function of the number of layers 

of silver-based coating on glass substrate. 

Falling were reflected as compared to the total light absorbed and transmitted in 

this wavelength range. The 8-layer film’s reflectance was about equal to the 

reflectance of a bulk slab of Ag 99% across the visible spectrum. Increasing the 

number of coated layers means increasing the Ag loaded in the film, which leads 

to a decrease of transmittance and an increase of reflectance. With such high 

reflectance, the studied multilayered coated films act as a mirror reflector, which 

can effectively reflect untransmitted or unabsorbed light. This reflection benefits 

the application of silver coatings in various optoelectronic devices, such as solar 

cells and photodetectors. The benefit gained from using high-reflectance thin film 
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on the backside of an optoelectronic device is to make the optical energy run 

through the active layer again [26,27].  

  
Figure 5 Optical reflectance spectra as a function of the number of layers of 

silver-based coating on glass substrate. 

I-V measurements of the silver-film coated glass were carried out with two 

crocodile clips and a metal wire, using a Keithley 4200-SCS in the air at room 

temperature. Figure 6 demonstrates the I-V characteristics of the films with 2 to 

8 layers in step 2. The samples with 4 to 8 layers showed a typical ohmic contact 

in the voltage range from -1 to 1 V. For one to three layers, the current showed 

fluctuations in the range of fractions of a microampere.  

The value of the current increased significantly for four layers as compared to a 

lower number of layers. The current was in the range of milliampere (97.1 mA) 

at an applied voltage of 1 V. From linear fitting of the curve, the average 

resistance was found to be 1021 Ω. The decrement in surface resistance is 

attributed to the transition from isolated island silver particles to larger three-

dimensional interconnected clusters according to the Volmer-Weber growth 

mechanism [28]. The electrical resistance of the films further decreased with an 

increase in film thickness. The resistance for 6 and 8 layers was about 21.9 Ω and 

4 Ω, respectively. Since the silver particle clusters continue to accumulate, a 

complete continuous conduit is formed as the thickness increases.  
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The resistance values for the coated samples with 4, 6 and 8 layers were 

confirmed by using a precise Avometer. Figure 7 shows the dependence of the 

conductance on the thickness of the silver-based coating. The conductance 

properties of this type of silver-based conductive coatings are decided by the 

embedded silver particles [3]. The silver film can be illustrated as a system of 

silver particles – islands implanted in a combined organic medium on a substrate 

and a minuscule spacing between particles.  

Figure 7 shows that the electrical conductance of the studied films can be divided 

into three stages. The first stage is the dielectric stage. Because of the 

discontinuous isolated discrete particles, the 2-layer coating exhibits a very low 

conductance, in the order of 10-7 S. The second stage is the transition stage. As 

the film thickness increases (four layers), the electrical conductance enhances 

sharply, up to three orders of magnitude, and becomes about 10-4 S. This 

enhancement is due to the coalescence of the isolated particles. The last stage is 

the metallic stage. When the film thickness is further increased, the film comes 

closer and closer to metallic conductance. The conductance for 6 and 8 layers 

further increased, to 0.04 S and 0.24 S, respectively. The silver decomposition 

multilayer thin films’ performance is rated in Table 1. 

  
Figure 6 I-V characteristics of silver-based coating on glass substrate as a 

function of the number of layers. 
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Figure 7 Conductance as a function of silver-based coating thickness on glass 

substrate. 

 

Figure 8 Resistance as a function of the temperature of the silver-based 

conductive coating. 
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Table 1 Performance rating of silver multilayer coating on glass substrate. 

No. of 

layers 

Crystallite 

size (nm) 

Thickness 

(µm) 

Reflectance 

(%) 

@ 400nm 

Transmittance 

(%) 

@ 400nm 

Resistance 

(Ω) 

@1V 

2 layers 15.74 2.1 85.628 7.73184 4.4843E6 

4 layers 17 4.5 86.936 6.98786 1029 

6 layers 19.21 6.8 93.427 3.39255 21.9 

8 layers 21.39 9.8 99.235 0.38588 4.1 

In order to study the thermal stability of the eight-layer conductive film coated 

glass, I-V measurements were carried out at room temperature after different 

annealing treatments of the samples. The films were annealed for 10 min in a 

temperature range of 100 to 500 °C under ambient air. The values of resistance 

were estimated from the I-V measurements as shown in Figure 8.  

The resistance decreased slightly to an annealing temperature of 400 °C. The 

resistance decreased from 4.1 Ω at 100 °C to 3.3 Ω at 400 °C. This decrement in 

resistance is attributed to merging of the silver particles in the coated film. The 

resistance reached its maximum value after annealing at a temperature of 500 ºC. 

The resistance became 8×105 Ω at 500 °C and the studied film tended to behave 

more like an insulator, as can be seen in Figure 8. A significant transformation in 

the resistivity confirms that the annealing changes the thin film structure to a 

significant extent [29]. Due to interactions between silver and oxygen at high 

temperature, new phases appear [30].  

To assess the conductive coating on a rough surface, the films were also grown 

over cement substrates by artbrush coating. Each coating layer was annealed at 

100 °C for 10 min. I-V measurement of the conductive paint coated cement 

specimens was carried out, with two probes with metal wire, using a Keithley 

4200-SCS in the air at room temperature (not shown). Similar to the conductive 

coating on glass substrate, the surface of the coated cement started showing 

typical ohmic behavior when the number of layers was equal to 4 or higher. A 

lower number of layers gave some fluctuation in the current values, in the range 

of microamperes.  

The 2, 4, 6 and 8 coating layers on cement substrate had a resistance of 800 k, 

869.5, 25.25 and 2.27 Ω, respectively, at 1V. The resistance decrease is due to 

the accumulation of silver particle clusters, creating a complete and continuous 

path to the electrons. As with the multilayer conductive coated glass, the values 

of the resistance of the conductive coated cement were confirmed by using 

precise Avometer.  
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To compare and contrast the I-V characteristics of the silver-based coatings on 

glass and cement based substrates, Figure 9 was plotted. It can clearly be seen 

from the I-V plot that both 8-layer surfaces had very low resistance, 4 Ω and 2 Ω 

at 1 V for the glass- and the cement-based substrate, respectively. The slightly 

higher conductance of the silver-based coating on cement-based substrate is 

attributed to the coating technique and the cement-based substrate’s rough 

surface. The brush coating loaded more material on the rough cement-based 

substrate than the spin coating did on the smooth glass substrate. More silver-

based film material means more conductivity, as we concluded in the previous 

discussions. The brush coating technique is more convenient for a cement-based 

substrate than the spin coating technique due to its bulky size and the rough 

surface of the cubic cement-based substrate. 

  
Figure 9 I-V characteristics of eight-layer silver-based coating on glass and 

cement based substrates. 

4 Conclusions 

Tailoring the reflectance and conductance of layer by layer silver acetate based 

sol-gel coating was investigated. Two different deposition techniques were used: 

spin coating on glass substrate and artbrush paint coating on cement-based 

substrate. The synthesis of silver sol-gel deposition showed that acetic acid is the 

key factor in improving the coating’s conductance due to the transformation of 

silver ions to silver crystal. It was revealed that the reflectance of the coated glass 

samples increased remarkably with an increase in the number of film layers until 
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reaching silver bulk reflectance. With such high reflectance, multilayered coated 

films can act as a mirror reflector that can effectively reflect light. The I-V 

characteristics of both samples on glass-based and cement-based substrates 

showed that the multilayered thin film’s behavior obeyed Ohm’s law. The 

conductance increased significantly with film thickness. The results show three 

distinctive conductance behaviors: dielectric, transition, and metallic behavior. 

The multilayer coated glass- and cement-based substrates (8 layers) provided a 

very low surface resistance of 4 Ω and 2 Ω respectively at 1 V. The slightly lower 

resistance of a silver-based coating on cement-based substrate is attributed to the 

coating technique and the high roughness of the surface.  

The brush coating technique loaded more material onto the cement-based 

substrate than the spin coating did onto the glass substrate. More silver-based 

coating material means higher conductivity. This study also revealed that the 

resistance performance of the multilayered coating was in general thermally 

stable for annealing up to 400 °C. The coating’s resistance increased significantly 

and the film showed insulator behavior as the annealing temperature was 

increased to 500 °C, which is attributed to the appearance of a new phase of the 

material. The studied multilayered coating can be deployed as a cost-effective, 

easy-to-fabricate solution with tailored reflectance and conductance of the 

dielectric substrate surface for various optoelectronics and sensors device 

applications.  
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