
Asmaa M. Raoof et al./ Elixir Nanotechnology 81 (2015) 31840-31844 
 

31840 

Introduction  
Accurate control of oxide thin film synthesis and processing 

is important in a variety of technological applications including 

microsensors, microelectronics, and catalysis. Ag2O, a p-type 

semiconducting oxide (in contrast to most oxides which are n-

type), has been utilized as a thin film sensor [1] and as a high 

density storage device material [2– 4]. An improved 

understanding of Ag2O thin film material properties will aid in 

achieving improved performance in these applications. Our 

motivation for examining the growth of Ag and Ag2O on single 

crystal sapphire is to explore the structure, stability and 

chemistry of Ag2O films for gas sensing applications. Several 

researchers [5–11] have examined the preparation and properties 

of silver and silver oxide thin films using a variety of techniques. 

Typically, films have been grown on substrates which are not 

crystalline. Pettersson and Snyder [5] grew silver films by r.f. 

sputtering and electron beam evaporation and then oxidized 

them in an oxygen plasma from an electron cyclotron resonance 

(ECR) source. They also deposited oxide films directly using r.f. 

sputtering of a Ag target in an oxygen background gas. The 

films were characterized by ellipsometry. Schmidt et al. [6] also 

oxidized Ag films after growth using an ECR source and 

examined the optical transmittance of the oxidized films. Hou et 

al. [7] oxidized Ag films after growth using a glow discharge to 

create oxygen ions and then examined the fractal structure of the 

films using transmission electron microscopy. Silver oxide films 

have been grown directly [8, 9] by reactive electron beam 

evaporation and DC magnetron sputtering in an oxygen 

environment. X-ray Diffraction (XRD) measurements indicate 

that polycrystalline Ag oxide films form with highly preferred 

(111) orientation when the oxygen flow is high enough. Chiu et 

al. [10] deposited thin silver oxide films by reactive r.f. 

magnetron sputtering of metallic Ag in an argon and oxygen 

environment, followed by annealing under various conditions. 

The chemistry and structure of the films were examined by 

XRD, atomic force microscopy (AFM), and X-ray photoelectron 

spectroscopy (XPS). For annealing temperatures above 500 K, 

XRD shows polycrystalline Ag2O films with a strong (101) peak 

coexisting with a weak (200) peak. Shima and Tominaga [11] 

grew silver oxide films by r.f. magnetron sputtering in a reactive 

argon–oxygen environment and characterized them optically and 

by AFM. Our work continues this research on silver oxide films 

by emphasizing controlled deposition on high quality single 

crystal sapphire substrates. The effects of microwave generated 

oxygen on silver foils have also been investigated [12, 13]. Chou 

and Phillips [12] studied the influence of O atoms and ions in a 

plasma on Ag foils. They found that thick Ag2O films grew for 

temperature above 350 K. Some AgO was found in films grown 

at lower temperature based on XRD measurements. The 

presence of ions accelerated the oxidation rate beyond that 

observed for O atoms. Bhan et al. [13] exposed Ag foils to 

atomic oxygen and concluded from XPS and XRD data that only 

the Ag2O phase is produced. The role of low coverages of 

chemisorbed atoms, including oxygen, as a surfactant which 

helps to achieve two dimensional layer-by-layer growth of Ag 

films on Ag(111) has been reported [14,15]. Since molecular 

oxygen has such a low sticking coefficient on Ag (111), it is 

necessary to maintain an oxygen background pressure of 7.5×10
-

9
 Torr in order to observe a small surfactant effect. Monolayer 

coverages of oxygen have been shown to be effective surfactants 

for growth of metal films on several metal surfaces [16–18]. The 

role of the surfactants is believed to be twofold. First they may 

change the energetics at film island step edges by slowing down 

the Ag adatom mobility on top of islands and on the substrate 

and, second, they may slow down the adatom diffusion along the 

step edges which will enhance interlayer transport [14]. Silver 

oxide can exist in several phases, with silver (I) oxide (Ag2O) 

being the most thermodynamically stable. Other phases can exist 

at low temperature and high oxygen partial pressures [19]. Ag2O 

possesses a simple cubic structure with a bulk lattice constant of 

0.472 nm at room temperature [20]. AgO usually crystallizes 

with a monoclinic structure [20] containing both Ag+ and Ag3+ 

and therefore is more appropriately designated Ag2O2. 

Crystalline Ag has a face centered cubic structure with a bulk 

lattice constant of 0.409 nm [20]. AgO and Ag2O can readily be 

distinguished in XRD and by different peak energy shifts in XPS 

[10, 21, 22]. Ag2O thermally decomposes into metallic Ag and 

O2. The majority of these decomposition measurements have 
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been done on powder or bulk silver oxide materials and indicate 

strong decomposition in the range 670–700 K [10, 21–23]. 

L’vov [24] suggests that the decomposition actually begins 

around 570 K in vacuum. Fourier transform Infra-red absorbance 

measurements [25] show evidence for decomposition between 

623 and 673 K. XPS measurements [26] also suggest 

decomposition effects from 593 to 653 K. We report the gas 

sensor properties of Ag2O/PSi/c-Si prepared using rapid thermal 

oxidation method. 

Experimental Work 

The substrate used was (100) n-type and p-type, single 

crystal silicon with a resistivity of (0.01-0.02) Ω. cm. These 

substrates are cut into 1.5×1.5 cm
2
 pieces, Initially, the Si wafers 

were cleaned successively in a sonicating bath with CCl4, 

toluene, acetone, ethyl alcohol and 18.5 MΩ-cm deionized 

water. Electrochemical anodization was performed in dark to 

produce porous Si layers on polished p-type, (100) oriented Si 

wafers with a resistivity of 0.01-0.02 Ω. cm and a thickness of ~ 

508 µm, using a 1:3 mixture of 48 % HF: 98 % ethanol as an 

electrolyte. For n-type Si (100) wafers with a resistivity of 0.01-

0.02 Ω. cm and a thickness of ~ 508 µm, the etching was carried 

out in light using a halogen lamp (100W). The anodization was 

carried out with the distance between the Si substrate to the Pt 

counter electrode fixed at ~2.5 cm, using a current density of 20 

mA/cm
2
 for a fixed time of 10 min. PSi layers were fabricated 

by PECE process for n-type c-Si wafer and by ECE for p-type c-

Si wafer. Teflon was used to fabricate the ECE cell that had a 

circular aperture at the bottom that is sealed with c-Si samples. 

The cell was a two-electrode system connected to the c-Si 

samples as the anode and platinum (Pt) as the cathode. The cell 

was called PECE if the illumination was positioned over the n-

type c-Si samples for maximum possible illumination and to 

generate the required holes for dissolution [27].
 
In contrast, the 

cell is called ECE if the p-type c-Si samples were not 

illuminated. The PECE cell had a circular aperture at the bottom 

sealed with the c-Si sample. The cell, made of Teflon, was a 

two-electrode system connected to the c-Si sample as the anode 

and platinum (Pt) as the cathode. After the anodization, the PSi 

layers were dried in the following way to reduce the capillary 

stress using pentane, which has very low surface tension and no 

chemical reactivity with the PSi layer. The samples were rinsed 

first with pentane, then with 98 % methanol and finally with 

deionized water (18.5 MΩ-cm). Next, the samples were dried at 

about 60 
o
C on a hot plate rather than drying in the N2 nozzle in 

order to avoid cracking and peeling of the PSi layer.  

High purity (99.99%) Ag thin film was deposited on the (n-

PSi and p-PSi) substrates by thermal evaporation system type 

(Edwards) at 10
-6

 torr. Thickness (100) nm of Ag2O thin film 

was grown on (glass,  n-PSi and p-PSi) by rapid photothermal 

oxidation of deposited Ag film using a halogen lamp 350 °C for 

90s in static air. The experimental set-up and details are given 

elsewhere [28]. The ohmic contacts of the device were made by 

depositing a thick film of Al on the  Ag2O film through special 

mask. 

Results and Discussion 

(3-1) Scan Electron Microscope (SEM) 

Surface morphologies obtained through Scanning Electron 

Microscope (SEM) study carried out by (VEGA TESCAN-

SEM) in University of Technology at 9.28 kV of Ag2O films 

prepared at oxidation temperature 350 
o
C and oxidation time 90 

sec with thickness 150 nm. SEM micrograph shows that surface 

of Ag2O thin films are smoother as shown in figure (2). The 

films consist of small particles distributed on the surface that 

shows Ag films. The color of small particles tends to be dark 

(nearly black) which reflect the metallic nature of Ag, which 

typically has dark color as well as the high reflectivity of the 

obtained film. It can clearly be noticed that the film color is the 

same as the physical color of the thin metal, so, they look in dark 

black.  

 
Figure 2. Scan electron microscope of Ag2O film prepared at 

350 
o
 C and oxidation time) 90 sec 

(3-2) Optical Properties 
In order to have information on the optical properties of 

Ag2O films, transmission (Tr) and absorbance (A) spectra for all 

films were taken and some optical parameters such as the energy 

gap (Eg) and absorption coefficient (α) were analyzed by using 

these spectra. The influence of growth conditions on the optical 

properties of the prepared films was studied extensively. The 

transmission of the deposited films on glass substrates was 

measured and recorded at the ultraviolet and visible regions for 

the films growth at different thicknesses and oxidation times. 

Figure (3) (a) shows films without any treatment which 

represents a purely metal film that has high reflectivities in the 

visible region. The effect of different thicknesses on the optical 

properties of the film can be observed in figure (3) (b). The 

results show an increase in the transmission with decreasing 

thickness and constant oxidation time and oxidation temperature 

at a given wavelength. The increase in Tr% is attributed to the 

well adherent and crystalline nature of the films throughout the 

coated area, which is obtained due to uniform oxidation and 

improvement in lattice arrangement, resulting in better optical 

properties. The improved transmission in the short wavelength 

region and the peak transmission was in excess of 65% at 

thickness of 50 nm  due to the phase transformation from 

polycrystalline AgO to Ag2O, as shown in figure (3) (b).  

This result is conditional with many other works [28, 29]. 

Silver oxide films have a good transparency in the visible region. 

It is known that the sharp decrease in transparency of Ag2O 

films in UV and IR regions is caused by fundamental light 

absorption and by free-carrier absorption respectively. Figure (3) 

(c) shows the optical transmission (200-1000) nm as a function 

of the wavelength for Ag2O film prepared at different oxidation 

times and constant thickness and oxidation temperature (350 
o
C). 

High transmission (50%) was exhibited by films prepared at 

(150) sec oxidation time, this may be due to the increase in the 

oxidation which leads to large molecular symmetry 

(stoichiometry) where Ag2O films are demonstrated over all 

other oxide film peaks.  
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Figure 3. Optical Transmission as a function of wavelength 

for Ag thin films prepared on glass substrate (a) at room 

temperature (b) different thickness (c) different oxidation 

time 
In general, it has been found that the transmission of the 

films were increased when the oxidation time was increased due 

to film transformation from metal to transparent oxide. The 

direct optical band gap increases to give a red shift. This shift 

was due to increase in carrier concentration which results in 

filling bottom of the conduction band and this filling prevents 

the transition of the photo generated carriers into the filled levels 

according to quantum rules and hence leads to far transitions 

with larger photon energy. This shift is called Burstein -Moss 

effect. The plot of (αhv)
2
 against (hv) for Ag2O film prepared at 

different film thicknesses with 90 sec oxidation time and 350
 o

C 

oxidation temperature as shown in figure (4), the nature of the 

plot suggests a direct inter-band transition. The extrapolation of 

the straight line portion to zero absorption coefficient (α=0) 

leads to the  estimation of  band gap energy, it has been found 

that the photon energy  of the films were increased when the 

thickness of  the films  increased due to the increasing of the 

absorption films. It is found that the Eg was about (1.7-2.2) eV 

and this agrees with the result in a similar work [30].   

 
Figure 4. (αhv)

2 
(eV/cm)

2
 against  hv of Ag2O films at 

different film thickness 

The structure and lattice parameters of Ag2O films are 

analyzed by a LabX XRD 6000 SHIMADZU XR – 

Diffractometer with Cu Kα radiation (wavelength 1.54059 Å, 

voltage 30 kV, current 15 mA, scanning speed = 4 °/min) as 

illustrated in figure (5). The crystallinity of the produced 

material was characterized using X-ray diffraction (XRD). This 

technique was also employed by other group which gives an 

indication about the grain size and formation material type of the 

prepared thin film. The following figures show the XRD patterns 

for samples grown at 350 
o
C oxidation temperature and 90 sec 

oxidation time with different film thickness. At different film 

thickness (75, 100, 125 and 150 nm) prepared at 90 sec 

oxidation time and 350 
o
C oxidation temperature as figure (5) (a, 

b, c and d) show that the structures of films are clearly improved 

where a significant increase in peak intensity at (111) and (101) 

planes. This indicates the formation of nearly stoichiometry 

Ag2O films.  

 
Figure 5. XRD pattern of Ag thin film prepared on glass 

substrate at 350 
o
C oxidation temperature and 90 sec 

oxidation time (a) 75 nm, (b) 100 nm, (c) 125 nm and (d) 150 

nm  
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The surface morphology of porous silicon before any heat 

treatment show in figure (6) (a, b) the poured structure was 

destroyed; this is related to porous silicon growth mechanism. 

By electrochemical and photo electrochemical anodization at 20 

mA/cm
2
 current density for a fixed time of 10 min as shown 

figure (6) (a, b). The surface morphology of the porous silicon 

itself changed due to the formation of nano silicon dioxide 

(SiO2) and the reduction in porous silicon grain size and 

roughness. The result shows a uniform net work like porous 

surface with a root mean squire value (45.2 nm) that revealed 

low roughnesses of about (35.7 nm) which insure homogeneity 

in pore size values, comparing with figure (6) (b) where the 

RMS was (23.4 nm) and the roughness about (18.6) the increase 

in its value on first case related to the re-distribution of oxide 

atoms on the porous surface and also associated with the 

increase in the average grain size (from 327.52 to 346.44 nm). 

The obtained films display smooth, uniform grain size and void 

free, i.e., very limited NO. of droplets were observed.  

 

 
Figure 6. Surface morphology of (a) p- type porous silicon 

and (b) n- type porous silicon prepared at current density 20 

mA/cm
2
 and time of 10 min 

The dependence of the gas response of p-Ag2O/p-PSi/c-Si 

and p-Ag2O/n-PSi/c-Si heterojunction devices on the H2 

concentration at an operating temperature 250 
o
C is shown in 

figure (7) as the following equation: 

 
where Ra is the resistance in air and Rgas  is the resistance 

in a sample gas. It is observed that the gas response increases as 

the H2 concentration increases from 100 to 400 ppm. The low 

gas concentration implies a lower surface coverage of gas 

molecules, resulting into lower surface reaction between the 

surface adsorbed oxygen species and the gas molecules. The 

increase in the gas concentration increases the surface reaction 

due to a large surface coverage. Further increase in the surface 

reaction will be gradual when saturation of the surface coverage 

of gas molecules is reached. Thus, the maximum gas response 

was obtained at an operating temperature of 250 
o
C for the 

exposure of 400 ppm of H2. p-Ag2O/p-PSi/c-Si and p-Ag2O/n-

PSi/c-Si heterojunction devices are able to detect up to 100 ppm 

for H2 with reasonable gas response at an operating temperature 

250 
o
C.   

 

 
Figure 7. Dependence of the gas response on the H2 

concentration at 250 
o
C of (a) p-Ag2O/p-PSi/c-Si and (b) p-

Ag2O/n-PSi/c-Si heterojunction devices 

Conclusions 

The structural properties of undoped polycrystalline Ag2O 

thin film prepared at different film thickness and oxidation times 

by using rapid thermal oxidation technique. The transmittance T 

in the visible and NIR was investigated; the allowed direct 

energy gap was determined to be 1.96 eV at optimum condition 

of 350 
o
C and 90 s. The dependence of the resistivity on the film 

thickness and oxidation time has been studied. The gas response 

behaviors of the p-Ag2O/PSi/c-Si – based gas sensor to H2 gas 

were investigated. The film gas response dependence on the 

temperature and test gas concentration was tested. 
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