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Abstract A p-AgO/PSi/n-Si heterojunction was deposited
by high vacuum thermal evaporation of silver subjected to
thermal oxidation at 300 ◦C on porous silicon. Surface mor-
phology and electrical properties of this structure have been
studied. The X-ray diffraction (XRD) analysis reveals that
the peaks at the (220) and (111) planes were dominated for
the crystal quality of the AgO films. The band gap of the
AgO films was found to be 2.2 eV and 3.2 eV . The positive
sign of Hall effect confirms that the film was of p-type con-
ductivity. The average grain size of pore was measured from
the atomic force microscope (AFM) analysis and found
to be around 32 nm. The responsivity photodetector after
deposited AgO have revealed increasing in response.
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1 Introduction

Silver oxide (AgO) semiconductor films are known to dis-
play p-type semiconductor properties with a bandgap in
the range 1.20-3.4 eV [1]. Silver oxides crystallize out by
a numerous types of crystal structures, leading to diverse
of interesting physiochemical properties such as catalytic,
electrochemical, electronic and optical properties [2]. It is
known that the AgO phase was relatively steady at high
oxygen pressures and at low temperatures. The AgO inhab-
its different crystal systems such as cubic, monoclinic and
tetragonal [3–5]. It is known that the silver, because of its d-
shell electrons, exists in different oxidation states and forms
several oxides for instance AgO, Ag2O, Ag3O, Ag2O3. The
action of forming of these oxides depends upon the growth
conditions/reaction kinetics, accessibility of oxygen in the
growth chamber and the energy required for the oxidation.
The surface morphology and the nucleation kinetics of the
silver oxide rely on the kinetic energy of the particles (sil-
ver and oxygen atoms or silver oxide molecules) access to
the substrate [6]. Among the various metals, silver showed
effective thermal conductivity , high electrical conductivity
and can be synthesized into Ag based compounds with dif-
ferent compositions. Silver is more interactive than gold or
platinum therefore, silver is the most convenient candidate
for various applications [7, 8]. These oxides have variant
crystalline structures leading to a different physiochemi-
cal, electrochemical, electronic, and optical properties. The
most observable and stable phases are Ag2O and AgO
[9]. AgO thin films can be synthesised by using various
deposition processes such as thermal oxidation of silver
films [10], thermal evaporation [11], electron beam evap-
oration [12], pulsed laser deposition [13], chemical vapor
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deposition [14], electro-deposition [15], DC sputtering [16]
and RF sputtering [17].

In the current work, successful fabrication of a p-
AgO/PSi/n-Si heterojunction by using electrochemical etch-
ing of silicon and deposition of Ag thin films by thermal
evaporation and rapid oxidation of the films at 300 ◦C are
reported. The structural and optical characterizations of the
AgO/PSi/P-Si heterojunction were performed.

2 Experimental Details

The n-PSi layers were fabricated by anodic etching where
a n-type silicon n-Si (1- 4.5 ) � .cm resistivity , of an area
(1×1) cm2 dimensions, 0.785 cm2 etched area substrate was
placed in the teflon etching cell using an admixture of aque-
ous hydrogen fluoride (purity 47 %) and ethanol (purity
99.99 %), 1:1 by volume. The sample was anodized at a
current density of 10 mA/cm2 and at 15 min etching time.
No further chemical or thermal treatment were carried after
etching.

High purity (99.99 %) Ag thin film was deposited on the
n-PSi substrates by using thermal evaporation system type
(Edwards). The pressure deposition 2×10−5 mbar and the
thickness of films were 200 nm, then Ag thin film was ther-
mally oxidate by using a tube furness homemade at 300 ◦C
for 60 min in static air. The bottom of PSi and above of
AgO electrodes was coated with a thick aluminum layer in
order to measure the electrical properties. It was obtained
under vacuum of Al wire of high purity (99.99 %). The
evaporation process was started at a pressure of 5x10−6

mbar.

Table 1 Summary of XRD characterization

2 θ (◦) (hkl) planes β(◦) Gs(nm) η x10−4 δ x1014 (lines/m2

38.26 111 (Ag) 0.15 55.78 6.21 3.217

44.43 200 (Ag) 0.16 50.53 6.85 3.915

64.57 220 (AgO) 0.15 59.25 5.84 2.848

77.51 111 (AgO) 0.17 59.76 5.79 2.800

Structural properties were studied by using X-ray
diffractometer type (XRD-6000, SHIMADZU, X-RAY
DIFFRACTOMETER) with Cukα radiation of wavelength
(λ = 1.54056 Å). Optical absorption of thin film and
porous silicon layer were measured using spectrophotome-
ter type(CARY, 100 CONC plus, UV-Vis-NIR, Split- beam
Optics, Dual detectors) in the wavelength range of (200-900
nm). The shape and size of AgO were investigated by using
SEM and AFM type (AA 3000 Scanning Probe Micro-
scope). The electrical characterization was carried out using
Hall measurements after making ohmic contacts through a
special mask on the film of AgO deposited on a glass sub-
strate. Thickness of films were measured using ellipsometer
(Angestrom sun Technologies Ins). The spectral responsiv-
ity of the photodiode was measured in the spectral range
(400-1100) nm using a calibrated monochromator.

3 Results and Discussion

Figure 1 shows the XRD pattern of AgO thin film, which
contain four main peaks at diffraction angles of 38.26◦,
44.43◦ corresponds to (111), (200) of silver is observed

Fig. 1 XRD pattern of AgO
thin film at 300 ◦C oxidation
temperature and the inset XRD
pattern for Ag thin film at 100
◦C and 200 ◦C oxidation
temperature

Silicon (2018) 10:3 –371 76372

Author's personal copy



Fig. 2 SEM images of the Ag (left) and AgO (right) thin films

Fig. 3 Optical transmittance of AgO thin film deposited on a glass
substrate

Fig. 4 (αhυ)2 versus hυ for AgO thin films deposited on glass

Fig. 5 I-V of AgO thin film deposited on glass

Fig. 6 3-D AFM image of the porous silicon (PSi) layer and chart
distribution
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Fig. 7 Photoluminescence spectra of AgO heretojunction

and compared with the Joint Committee on Powder Diffrac-
tion Standards (JCPDS), silver file No. 04–0783. The XRD
study confirms / indicates that the film is face center
cubic (FCC) silver thin film [18]. The diffraction angles
64.57◦, 77.51◦ were attributed for (200) and (111) AgO
thin films. The crystallite size was calculated by using
Debye-Scherrer’s relation [19]:

Gs = 0.9λ

β cos θ
(1)

where GS is the crystallite size, β the full width at half
maxima, θ is the angle of diffraction, and λ is the X-ray
wavelength.

The strain η and the dislocation density δ values can be
evaluated by using relations 2 and 3 below [19], see Table 1:

η = β
cos θ

4
(2)

δ = 1

G2
S

(3)

Fig. 8 Images for the
Open-Circuit Voltage Decay
Photograph for (a) PSi and (b)
AgO/PSi/Si
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Fig. 9 Spectral responsivity curve of AgO/PSi/ Si

The crystallite size of AgO was greater than that of Ag but,
the strain and dislocation density is smaller than it.

Figure 2 illustrated the scanning electron microscope
images of the Ag and AgO thin films grown on glass
substrates which consists of a uniform distribution of semi-
spherical shaped of nanostructured grains with a diameter
of about (2 μm). This structure peats throughout the mate-
rials with closely packed to each other indicating good
adhesiveness of film with the substrate.

The optical band gap of the AgO thin film was calcu-
lated from the transmission and absorption spectra. Figure 3
displays the transmission as a function of wavelength. It is
obvious that the film gives good transparency characteristics
at the spectral range (400- 900) nm. Figure 4 shows the band
gap of AgO thin films measured from the plot of (αhυ)2

versus photon energy hυ (where α is the absorption coeffi-
cient). By extrapolating the linear part of the curve toward
the photon energy axis, the band gaps of AgO thin films
were found to be 2.2 eV and 3.2 eV. The existence of two
energy gap could be attributed to the fluctuation of absorp-
tion edge which is due to the energy band structure and the
variation of density of state with the energy level, also this
variation can be attributed to the low thickness of the film.

The electrical resistivity of the prepared AgO thin film
is sensitive to the growth of the phase and microstructure.
The single phase of AgO films formed at 300 ◦C oxidation
temperature and 60 min oxidation time exhibited the elec-
trical resistivity and electrical mobility values which , were
(6.5x10−4�.cm) and (79cm2/V.s) respectively. The positive
sign of the Hall coefficient obtained confirms the p-type
conductivity of the AgO thin films, see Fig. 5.

Figure 6 reveals the (3-D) AFM images and the chart
distribution of AgO thin film. AFM image proves that the
grains were uniformly distributed within the scanning area
(500× 500nm) with individual columnar grains extending
upwards. The average grain size of pore was measured from
AFM analysis using special software which was found to be
around 32 nm depending on preparation conditions (current
density of 10 mA/cm2 and 15 min etching time).

Photoluminescence (PL) of AgO/PSi/n-Si film has been
recorded by excitation the sample with laser wavelength of
400 nm. Figure 7 shows the PL spectrum of AgO deposited
on porous silicon (PSi) substrate, a typical luminescence
profile with two peaks was observed. Higher energy (shorter
wavelength) excitation photons causes more photons to be
emitted before luminescence occurs. If the excitation energy

Fig. 10 I-V characteristics of
Ag/AgO/n-PSi/Si photodetector
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is less than the energy difference between the ground state
and the first excited state, then no optical absorption will
occur, resulting in no photoluminescence [20]. For pure
AgO a strong PL band with a peak position centered at 2.85
eV (422 nm) was obtained which was less than the optical
band gap of AgO film 3.70 eV and the second peak position
was centered at 1.66 eV (770 nm). Therefore, the emission
peak might correspond to the electron transition from the
donor level formed by oxygen vacancy to the valance band.
The electron in the donor level jumps to the valence band
and the transition generates violet light emission .

Figure 8 shows that the PSi/Si have higher life time
(133 μsec) at (15 mA/cm2) etching current density, but the
life time reach to (283 μsec) for 10 min etching time for
AgO/PSi/Si which means that the probability of recombi-
nation will be decreased. Figure 9 reveals that the spectral
responsivity curve( Rλ) of AgO/PSi/ Si which was con-
sists of two peaks of response; the first peak was located at
400 nm due to the absorption edge of AgO/PSi nanoparti-
cles , while the second peak was located at 770 nm due to
absorption edge of silicon.

The improvement in responsivity of photodetectors after
the deposition of AgO can be ascribed to the following rea-
sons; (i) Increasing the depletion width, (ii) Minimization
the surface defect states, (iii) Increasing the carrier collec-
tion efficiency and (iv) Increasing the light absorption.

Figure 10 shows the I-V characteristics for AgO/n-
PSi/Si. The measured short-circuit current, open-circuit
voltage, fill factor and efficiency are 2.9μA, 0.44 mV, 46.96 %
and 15.5 % respectively at flueunce of 40 μW/cm2. All the
results relieve that the sandwich structure AgO/n-PSi/Si
could be used as a solar cell.

4 Conclusions

The p-AgO/PSi/n-Si heterojunction was successfully fabri-
cated by using electrochemical etching of silicon and the
deposition of Ag thin films by thermal evaporation and rapid
oxidation at 300 ◦C. AgO show a good transparency in
the spectral range (400- 900) nm and the electrical char-
acteristics of heterojunction were strongly dependent on
the structure. The porosity of Si has improved the perfor-
mance of p-AgO/PSi/n-Si heterojunction to be very efficient
materials for solar cell applications.
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