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a b s t r a c t

In this study an optoelectronic design is reported and characterized. The device is made of
p-type MgO solved in sodium silicate binder and n-type GaSe0.5S0.5 heterojunction. It is
described by means of X-ray diffraction, optical absorption and reflection in the incident
light wavelength range of 190–1100 nm and by means of dark and 406 nm laser excited
current (I)–voltage (V) characteristics. The optical reflectance was also measured as a
function of angle of incidence of light in the range of 35–801. The structural analysis
revealed no change in the existing phases of the device composers. In addition, it was
observed that for pure sodium silicate and for a 67% content of MgO solved in sodium
silicate binder (33%), the heterojunction exhibits a valence band shift of 0.40 and 0.70 eV,
respectively. The painting of MgO improved the light absorbability significantly. On the
other hand, the angle-dependent reflectance measurements on the crystal displayed a
Brewster condition at 70o. The MgO/ GaSe0.5S0.5 heterojunction exhibited no Brewster
condition when irradiated from the MgO side. Moreover, for the crystal and the MgO/
GaSe0.5S0.5 heterojunction, the dielectric spectral analysis revealed a pronounced increase
in the quality factor of the device. The I–V characteristics of the device revealed typical
optoelectronic properties with high photo-response that could amplify the dark current
24 times when irradiated with 5 mW power laser light. The structural, optical, dielectric
and electrical features of the MgO/GaSe0.5S0.5 heterojunction nominate it for use in visible
light communication technology.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Visible light communication (VLC) technology, which gets
use of the free light spectrum have been shown as a good
solution to many problems that arises from radio frequency
sics, Arab-American
9379412;
and microwave communication tools [1–3]. In the VLC tech-
nology, the optical signal bandwidth can exceed 350 THz. In
addition, the spatial confinement of light beams is reported to
provide high security through preventing the interception or
the eavesdropping. Moreover, with this recently developed
communication tool the signal–to noise ratio is very high due
to the brightness of light and the short distance between the
emitter and receiver. The VLC transmission technology, which
benefits from cheap light sources like leds to transmit broad-
band data streams, can be applied to the distribution of high-
definition video streaming. It can also be employed for two
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way communication systems that cover the whole range from
internet access to video conferencing [4].

One important component of the VLC technology is the
photosensor that is used to convert light signal into electrical
one. The conversion depends on the absorption level of the
incident light signal. In addition, the transmitted and reflected
light beams play role in this process. The design of the
photosensor determines which light signals are to be
absorbed or rejected [5–8]. In addition to the optical proper-
ties of the photodetector, the dark electrical current of the
device play vital role in photosensing. Particularly, keeping the
dark current at minimum increases the photo responsivity of
the optical device. This can be obtained by constructing a back
to back Schottky device or adding a dielectric layer around the
active area to reduce the leakage currents and to ensure a low
parasitic capacitance of the contact pad.

In our previous works we have used the boron nitride
(BN) and MgO as dielectric layers that behave as an optical
window for Ge and InSe photosensitive layers [7,8]. In
addition, a back to back Schottky device which was made
of carbon-GaSe0.5S0.5-carbon was characterized and
observed to display a photosensitivity of 2:1� 103[9].
The very high photosensitivity of these crystals and the
effectiveness of the MgO as optical window, which reduces
the reflectivity from the surface of the active layer,
motivated us, here in this work, to design a new type of
heterojunction that connect the active layer of the MSM
device to the dielectric layer (MgO). The heterojunction
structure, optical and electrical properties will be investi-
gated. The possible range of spectral response will be
explored prior to use these devices in VLC technology.

2. Experimental details

GaSe0.5S0.5 semiconductor polycrystals were synthe-
sized using high-purity elements taken in stoichiometric
Fig. 1. The X-ray diffraction for the GaSe0.5S0.5 thin crystal, the MgO powder, t
proportions. Gallium (Aldrich cat. no. 263273), selenium
(Aldrich cat. no. 204307) and sulfur (Fluka cat. no. 84680)
were of 99.999% purity. The single crystals were grown by
the Bridgman method from resultant polycrystalline ingots
in evacuated (10�5 Torr) silica tubes (10 mm in diameter
and about 55 cm in length) with a tip at the bottom in our
crystal growth laboratory. No seed crystal was used. After
evacuation and sealing off, the tube was introduced into
the upper zone of a vertical two-zone growth furnace. The
temperatures in the upper and lower zones were about
1000 and 650 1C. The temperature gradient between the
zones was 30 1C cm�1. After homogenizing the melt for
2 h, the tube was lowered through the gradient zone at a
rate of 0.5 mm/h. Then the tube was pulled to the cold
zone at the same rate, and the grown crystal was homo-
genized at 650 1C for 50 h. After that, the temperature of
the cold zone was lowered to 400 1C and then the furnace
was shut off. The resulting ingot was 8.5 mm, 35 cm and
13 g in diameter, length and mass, respectively. It was also
air/moister stable. The crystals (orange in color) showed
good optical quality and were easily cleaved along the
planes that are perpendicular to the c-axis of the crystal.
The final ingot exhibited monocrystalline nature. The
samples selected for the measurements were taken from
the middle part of the ingot. The n-type GaSe0.5S0.5 crystals
were used as substrate for the p-type MgO layer. The
cleaved crystal layers were restricted to be of �d¼ 1.0 μm
thick. The MgO paste, which was prepared by solving the
MgO nano-powders (Alfa Aeser 99.99%) in a silicate binder
(SiO2:Na2O2:CO3) was poured carefully on the surface of
the crystals. Then it was vibrated and trembled continu-
ously for few minutes to guarantee the homogeneous
distribution of the MgO film. Although it is possible to
obtain very thin layers of MgO paste down to �1–2 μm,
the homogeneous distribution of the layer which was
observed microscopically, appears for layers of �10 μm
he MgO powder solved in binder and the MgO/GaSe0.5S0.5 heterojunction.
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thick. The studied MgO layer thickness was 12.6 μm. The
X-ray diffraction was recorded using Rigaku Ultima IV. The
current–voltage characteristics were recorded using Keith-
ley 230 voltage source and Keithley 6485 picoammeter.
The optical reflectance was measured as a function of
angle of incidence in the range of 35–801 using PIKE VEE
MAX II Reflectometer. The reflectance and transmittance
were recoded in the incident wavelength range of 190–
1100 nm. Laser excitations were actualized using a 406 nm
Thor-Lab led laser light.
3. Results and discussion

In order to check the effect of the viscous liquid MgO
paint on the cleaved crystal layer, the X-ray diffraction
patterns (XRD) of the thin crystal before and after the
painting of MgO were recorded. The XRD patterns, which
are displayed in Fig. 1, relate to the MgO powder before
solving it in the binder, the solved MgO in the binder, the
cleaved GaSe0.5S0.5 crystal layer and for the MgO/
GaSe0.5S0.5 double layer. The analysis of the data (using
“TREOR 92” software) which is shown in the figure,
indicated that the GaSe0.5S0.5 thin crystals are of hexagonal
type of structure which are best oriented in the (004)
direction and exhibit lattice parameters of a¼0.3671 nm
and c¼1.5719 nm. On the other hand, the XRD patterns for
the MgO powders displayed a cubic type of structure with

unit cell lattice parameter of 4.203 A1
0
. The latter results are

consistent with the PDF card no.: 00-001-1235. The binder
did reflect any X-ray diffraction pattern before mixing it
with MgO. However, when it was mixed with MgO, the
XRD patterns of the mixture (50% MgO: 50% binder),
which are shown in the figure, indicated all the MgO
reflection peaks in addition to some minor peaks that
relate to SiO2 (PDF card no.:00-001-0378) and Na2O2. (PDF
card no.: 00-001-1105) For MgO content larger than 70%
only the MgO peaks appeared indicating that the binder
phase became less dominant compared to that of MgO.

The data displayed in Fig. 1 also shows the X-ray
diffraction patterns of the double layer after painting the
crystal with MgO (67% MgO, 33% binder) paint. The
diffraction patterns of the GaSe0.5S0.5 thin crystals
appeared again. The appearance of the XRD patterns of
the crystals after the painting of MgO means that there
were no structural changes that could have happened as a
result of the double layer design (during liquid–solid
interfacing). The MgO reflection peaks are not strongly
(see dotted lines which are presented in Fig. 1) apparent
probably due to the intensity of the X-ray beam which is
reflected from the crystal surface or due to much noise
that is associated with the four phase (Na2O2, SiO2, MgO,
and GaSe0.5S0.5) XRD patterns. It was also observed that
increasing the MgO content above 70% up to 99% does not
allow the appearance of the GaSe0.5S0.5 thin crystal peaks.
This disappearance is ascribed to the density of the MgO in
the liquid content that become more dominant.

Fig. 2(a) displays the results of the optical absorbance
(A¼ αd; α is the absorption coefficient) being recoded
in the incident photon energy range of 1.1–4.2 eV for the
GaSe0.5S0.5 thin crystal, the binder, the binder/GaSe0.5S0.5, the
MgO (67%)þbinder(33%) and the MgO/GaSe0.5S0.5 double
layer. The MgO/GaSe0.5S0.5 means that the 67% MgO is solved
in 33% binder and then painted on the GaSe0.5S0.5 crystal
surface. The presented absorbance spectral curves indicated
interesting characteristics that are presented by the absorp-
tion level and absorption edge. For the samples under
investigation the absorbance exhibits sharp decrease with
decreasing incident photon energy. In general, below the
absorption edge, the binder and the thin crystal are non-
absorbing materials for all incident photon energies less than
3.40 and 2.36 eV, respectively. When the GaSe0.5S0.5 crystal is
painted with the transparent paint only, the absorption edge
shifted to 3.32 eV and the absorption level of the crystal
increased five times. When the binder was mixed with 67%
MgO the absorption level increased eleven times and no
growth or decay as a response to photon energy was
observed. This behavior appeared as a result of the inability
to measure the sharp absorption region of MgO which is
near its energy band gap 7.8 eV (due to instrumental limita-
tions). Interfacing the crystal with MgO and binder mixture
significantly increase the absorption level of the crystal by
eleven times. In addition the absorption edge of the double
layer now appeared at 2.19 eV. Assuming the validity of the
relation ðAEÞ2pðE�EgÞ and plotting the ðAEÞ2versus E, it is
possible to determine the direct allowed transitions energy
band gap of the samples. The energy band gaps of the binder
and the GaSe0.5S0.5 crystal are 3.9 eV and 2.55 eV, respec-
tively. Mixing the 67% MgO powder in 33% binder, reveal un-
measurable energy band gap due to instrumentation limita-
tion. The energy band gap of the MgO/GaSe0.5S0.5 double
layer is found to be 1.85 eV. When the same measurements
are repeated for the binder – GaSe0.5S0.5 crystal double layer,
the energy band gap exhibited value of 2.15 eV. The latter is
reported to allow the comparison with the MgO effect. The
valence band edge of the GaSe0.5S0.5 crystal shifts
(ΔEv ¼ EgðGaSe0:5S0:5Þ�EgðMgO=GaSe0:5S0:5) by 0.70 eV
when the surface of the crystal is covered with MgO paste
and by 0.40 eV when the GaSe0.5S0.5 crystal is covered with
binder only.

The optical energy band gap of the crystal is compar-
able to those previously determined as 2.28 eV for a
125 μm thick GaSe0.6S0.4 crystal. It also coincides with that
reported as 2.55 eV for GaSe0.5S0.5 crystal [10,11]. The
energy band gap determined for the binder is also con-
sistent with the value reported as 3.96 eV for sodium
silicate glasses [12]. The mixing of the MgO with the
binder increased the absorbability, but because the MgO
is transparent in the measured spectral region (190–
1100 nm), determining of the energy band gap for these
films is not possible. The valence band shift associated
with the double layer created from the binder or the
binder–MgO mixture with the GaSe0.5S0.5 thin crystal is
acceptable for the design of thin film transistors where a
gap difference of 0.5–1.0 eV is needed. The binder/
GaSe0.5S0.5 interface with the 0.40 eV shift is attractive
for the design of point contact devices such as Schottky
solar cells, resonant tunneling diodes and quantum dots
[13,14]. This shift in the valence band of the GaSe0.5S0.5
crystal due to the MgO or binder interfacing could be
assigned to the lattice mismatch at the interface of the
heterojunction in addition to the defects that arise from
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the impurities and incomplete bonds. The 0.70 eV value of
shift, which was observed for the MgO/GaSe0.5S0.5 hetero-
junction, is mainly ascribed to the lattice mismatch
between the hexagonal (004) oriented GaSe0.5S0.5 thin
crystal and the (200) oriented cubic MgO as was shown
in Fig. 1. The 0.70 eV value is much larger than we have
previously determined as 0.23 eV for the MgO/Ga4Se3S
heterojunction [14].

It is important to notice that, the reason for preferring
the 67% MgO to 33% binder paste in this work compared to
our previously reported in ref. 14 when a 99% MgO is
solved in the 1% binder is that the increase of the binder
content makes the top layer harder and the surface of the
heterojunction smoother.

Fig. 3(a) and (b) illustrates the reflectance spectra for the
GaSe0.5S0.5 crystal and the MgO/ GaSe0.5S0.5 heterojunction,
being recorded at various angles of incidence of light in the
range of 35–801. In general, the reflection spectra exhibit
the same characteristics at each angle of measurement. The
effects of angle of incidence (θi) on the reflection coefficient
(R) of the crystal and on the heterojunction are better
presented in Fig. 3(c) and (d), for three particular wave-
lengths (400, 800 and 1000 nm), respectively. These three
wavelengths are selected as they related to the famously
used light emitting diodes in visible light technology. The
reflection coefficient (Fig. 3(c)) of the thin crystals slightly
decreases with increasing angle of incidence up to 501. For
higher angles, values sharply falls approaching zero value at
θi of 701. This value relates to a Brewster condition in which
the light exhibits total internal reflectance at this angle of
incidence. This strange behavior of the GaSe0.5S0.5 thin
crystals, which is similar to the Ga4Se3S crystal, was
previously discussed [14] and was ascribed to the crystalline
nature of these materials. The crystal is composed of very
thin layers attached through weak bonding forces.
The data of R�θi variation which are presented in Fig. 3
(d) relate to the heterojunction as being recorded from the
MgO side. The reflectivity of the GaSe0.5S0.5 sharply decreases
by �97% by the painting of MgO. This explains the reason for
the large increase in the absorbability of the heterojunction
(Fig. 2(a)). The reduction of the reflectance via heterojunction
design has an extra advantage as it enhances the internal
quantum efficiency, when this pn junction is used as a solar
energy converter or as it converts the light to electrical signal.

Fig. 4(a) and (b) shows the real and imaginary parts of
dielectric spectra for the GaSe0.5S0.5 and the MgO/
GaSe0.5S0.5 heterojunction, respectively. The dielectric con-
stant is determined using the same method which was
previously described in our works [7,8]. One important
feature of the real dielectric constant of the thin crystal is
that it exhibits a resonance peak at a frequency of 519 THz.
Another feature is that for incident wave frequency less
than 350 THz, the εr sharply increases with decreasing
frequency reaching a value of 20 at 270 THz. On the one
hand, the imaginary part of the dielectric constant (εim)
whose value is relatively low compared to εr , increased
with decreasing frequency down to 730 THz. Below which,
it sharply falls from a value of 1.1 reaching �0.01 near
270 THz. This variation significantly affects the quality
factor (Q) for the thin crystal which is defined as the
inverse of the loss tangent ( tan ðδÞ). The incident light
frequency dependent quality factor of the thin crystal is
presented in Fig. 4(c). The Q values gain meaning for
frequencies less than 590 THz. Above this value, the crystal
is not able to store or resonate any incident electromag-
netic signal, as the energy dispersion above 590 THz is
very high. Thus, the GaSe0.5S0.5 crystals are effective for
use in VLC technology, provided that the incident light
exhibit wavelength greater than 508 nm (green light).
On the other hand, the MgO/ GaSe0.5S0.5 heterojunction
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reflected a sharp decrease in the values of the dielectric
constant compared to the thin crystal. The general features
of the real part of the dielectric constant (inset of Fig. 4(a))
did not change after the painting of MgO. However, the
resonance peak now appears at 406 THz and becomes less
pronounced. The imaginary part of the dielectric constant
for the heterojunction which is displayed in Fig. 4(b) is
relatively low compared to that of the crystal. This sharp
decay in the values caused a remarkable improvement in
the quality factor of the device. The Q values, which
appear in Fig. 4(c), indicate that the ability of heterojunc-
tion to store electromagnetic signals start at 1500 THz
instead of 590 THz for the crystal alone. It becomes more
pronounced when it reaches the IR region of the spectrum.

The sharp decrease in the values of the dielectric
constant as a result of the MgO painting could be ascribed
to the increase in the free carrier density that is associated
with the adding of MgO. The MgO crystals exhibit a free
hole density of �1015 cm�3 [14] compared to the crystals
whose free electron density is �1012 cm�3 [9].
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The root mean square (RMS) roughness (σ) of the
double layer film surface after the painting of MgO on
the GaSe0.5S0.5 thin crystal are determined by the Nevot-
Croce approach [15]. The roughness of the surface are
determined using the measured reflectivity data in which
the reflection coefficient is in accordance with the equa-
tion

R¼ Roexp �n1n2 sin θ1 sin θ2
4πσ
λ

� �2
 !

ð1Þ

Here, Ro, n1, n2, θ1and θ2 refer to the reflectance from the
smooth surface which is the surface of the GaSe0.5S0.5 thin
crystal, the refractive index (n¼ ffiffiffi

ε
p

) of the MgO layer, the
refractive index of the GaSe0.5S0.5 layer, the angle of
incidence of light onto the MgO and the angle of incidence
after refraction from the MgO layer, respectively. Using the
reflectivity data which is presented in Fig. 3(a) and the
dielectric constant data which is presented in Fig. 4 to
obtain the refractive indices of the layers, the upper
surface roughness were calculated and presented in
Fig. 4(d). As it is readable, the roughness values of the
MgO film oscillate between 18 and 68 nm. The surface
roughness are steadily increasing with increasing wave-
length reaching a maximum value of 68 nm at λ¼1100 nm.
This represents 5.4% of the measured thickness of the top
double layer indicating the films are smooth enough to be
used in the design of optical devices.

In order to test the device applicability in VLC technol-
ogy, the MgO/GaSe0.5S0.5 devices was contacted with
carbon on the GaSe0.5S0.5 side and with Ag metal on the
MgO side. The geometrical design of the device is shown in
the inset of Fig. 5. The carbon is used to force the creation
of a Schottky barrier at the crystal side [9]. These Schottky
barrier is a n-type majority carrier device under forward
biasing conditions. The MgO side of the device is also
contacted to Ag metal as it creates another Schottky device
with p-type majority carriers [16]. The mid-structure
(MgO/GaSe0.5S0.5) represents a pn junction. The pn junc-
tion is known as minority carrier devices. The recorded
current–voltage characteristics of the device in the dark
and under the excitation of a 5.0 mW laser light are
presented in Fig. 5. The selected laser generates light of
wavelength of 406 nm. As it is readable from the figure,
the reverse current is larger than the forward one. This
behavior is due to the design of the device in which one of
the metal contacts is attached to a wide energy band gap
(MgO) and the other to narrower energy band gap. Thus,
the forward biased conduction is governed by thermionic
emission of charge carriers over the Schottky (C/
GaSe0.5S0.5) barrier height and the reverse biased conduc-
tion mechanism is governed by the electric field assisted
thermionic emission or tunneling of charge carriers
through the very large energy barriers at Ag/MgO side
[9,17]. The laser excitation of the device enlarged the
current significantly. As, for example, at reverse biasing
voltage of 10 V, the light to the dark current ratio is 17; this
value has increased to 23 at �30 V. The performance of
the device is promising as it indicates its applicability of
converting light signals to electrical ones.
4. Conclusions

In this article, we have discussed the optimum design
of MgO/GaSe0.5S0.5 heterojunction. The possible structural,
optical and electrical modifications that are associated
with the design of the heterojunction are investigated.
The structural analysis has shown that the crystal is not
affected by the painting of MgO on its surface. In addition,
the optical analysis reflected a wide range of photo-
response that extends from blue light to near IR. Wide
tunability of valence band shift is possible via altering the
MgO content in the paint. In addition, a large improve-
ment in the absorbability and electromagnetic energy
storability is observed. These features combined to the
photoresponse of the current–voltage characteristics
under laser excitation are promising results that suggest
the applicability of these devices in optoelectronics.
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