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Abstract

This report presents a study on the growth and optical properties of GaSb/GaAs
self-assembled quantum dots (QDs) grown on (001) GaAs substrates by molecular beam
epitaxy. Four monolayers of InGaAs insertion layer is introduced to the layered structure
pricr to the QD growth. Indium contents in In,Ga,.As insertion layer are varied from x =
0.00, 0.07, 0.15, 0.20 and 0.25. By including this inserticn layer, the QD density
substantially decreased. Both QD height and diameter increase when indium content is
increased compared with the GaSb QDs grown on flat GaAs surface. GaSb/GaAs QDs have
a dome-shape with elliptical base. The elongation is along [11C]. The elongation
disappeared when insertion layer is introduced. Size-wall of GaSb/InGaAs QDs show
facetted surface with flat (001) GaAs substrate as the top surface.

Effects of indium content in InGaAs insertion layer are also investigated by

photoluminescence measurement. Indium in InGaAs insertion layer induces the shift of

the emission from CDs.

Keywords: Quantum Dots, GaSb, GaAs Substrate, Optical properties
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mﬂﬁﬂw 2 LARINIW AFM 124 GaSh QDs VAL INyGa,AS (sUw 2(a)-(d)) 3nuiiatu
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Funmdiudeu3una Indium Wty 971 x = 0. O? (iﬂw 2(a)) 63 0.25 (‘iU‘V] 2( )) iirnnansie
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We report on the molecular beam epitaxial growth of self-assembled GaSbh quantum dots (QDs) on
(00 1) GaAs substrates with an insartion layer. The insertion layer, which is a 4-monolayers {MLs)
In,Ga; _.As (x=0.00, 0.07. 0.15, 0.20 and 0.25), is grown prior to the QD growth. With this InGaAs
insertion layer. the obtained QD density decreases substantially, while the QD height and diameter
increase as compared with typical GaSh QDs grown on conventional (€ 0 1) GaAs surface under the same

growth conditicn. The GaSh QDs on GaAs have the dome shape with elliptical base and the elongation
direction of the base is aleng the [11 0] direction. When the InGaAs insertion layer is introduced, the
distinct elongation disappears and the QD sidewall shows facet-related surfaces with {00 1) plateau

on top.

© 2015 Elsevier B.V., All rights reserved.

1. Introduction

For a few decades, sermniconductor quantum dots {QDs) have
gained considerable interests due to their promising properties for
device applications. Many electronic and optoelectronic devices
based on IN-V QDs have been investigated [1-€|. They include
lasers, light emitting diodes, photodetectors, photoveltaic cells and
memories. Among these devices, self-assembled In(GajAs{GaAs QD
is a major dot system that has been investigated, However, GaSb/
GaAs QDs, which have a type Il band alignment, might be more
suitable for some applications. For instance, GaSb/GaAs has been
proposed to be used in charge-based memory device due to its large
hole confinement [5}. Device performance will depend on the QD
properties. It is therefore of interest to investigate structurdl
properties of obtained QDs under various growth conditions in
order to fine-tune them for any specific applications. In literature,
different GaSb QD shapes have been reported |7.8]. For example,
Jiang et al. [7] have shown that the elongation of GaSbh QDs along
the {1 1 0] direction can be controlled by changing the V{lll ratio.

Department of Electrical Engineering. Faculry of Engineering. Chulalongkorn Universiry.
Phayathai Road, Patarmwan, Bangkol 10330, Thailand, Tel: +662 218 6521,
fax: + 56 2 218 6523,

E-mnil oddresses: s_panyakeow@yahoo o,
Somsalk. P@chulaacth (S. Panyakeow).

< hrrpyfidxdeiorg/ 10,1016/ f.)crysgro.2015.02.044
0022-0248/& 2015 Elsevier B.V. All rights reserved.

In this work, we report on the structural properties of {ree-
standing self-assemibled GaSh QDs when In Ga,_yAs insertion
layers with x=0.00, 0.07, 0.15, 0.20 and ©.25 are introduced. All
samples were grown by a molecular beam epitaxy (MBE) with an Sb
valved-cracker cell and investigated by atomic force microscopy
{AFM). The presence of indium in InGaAs insertion layer induces the
substantial decrement of QD density, the enlargement of QD size
(both height and diameter) and the transition from elongated QD
shape to QD with facet-relared sidewalls and (0 0 1} plateau on top.

2. Experiments

All samples were grown on semi-insulating (00 1) GaAs sub-
strates in Riber Compact 21 solid-source MBE equipped with an 5b
valved-cracker cell, After the deoxidation of surface oxide on GaAs
substrate at 580 "C under As, atmosphere, GaAs buffer layer was
grown at this temperature with the growth rate of 0.5 monolayer
per second (MLjs). During the growth, reflection high-energy
electron diffraction (RHEED) pattern was chserved and well-
prepared buffer layer ((0 0 1} GaAs surface) showed a clear (2 x 4)
surface reconstruction. In order to grow the InGaAs insertiun layer,
the substrate temperature was ramped down to 500 °C. After the
substrate temperature stabilized, 4-ML In,Ga; — As was grown. This
thickness is chosen so as to have a flat InGaAs surface without any
surface relaxation |9]. When growing this layer, indium and gallium
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Fig. 1. (a) Schematic diagram of the investigated strecture: GaSh QDs (3 ML) on top of 4-ML-thick [n,Ga, _,As insertion layer. (b)-(e} 2 x 2 ym?® AFM images of GaSb QDs on
In,Ga, _xAs with x=0.00. 0.07. 0.15, 0.20 and 0.25, respectively. Insers show a portion of the same AFM images with surface slope scale

growth rates are changed in order to obtain the desired content of
indium in InGaAs layer. For x=0.07, 0.15, 0.20, and 0,25, the indium
- rates are .025, 0.025, 0.025, and 0.033 ML/s and gallium rates are
0.33, 0.14, 0.10, and 0.10 ML/s, respectively. After the InGaAs inser-
tion layer growth, the sample surface was soaled by Sb flux for 60 5.
Self-assembled GaSb QDs are obtained by depositing 3-MIL GaSh at
the gallium growth rate of 0.1 ML/s. The V/IIl flux ratio (SbjGa) is
kept constant at 4. After the growth, the sample was cooled down
inmediately. The surface morphology was characterized by an AFM
{Seiko SPA-400) in dynamic force mode in air and the post-
processing was done in MATLAB program.

3. Results and discussion

Fig. 1{a) shows a schematic diagram of investigated surface
structure. Fig. 1(b}-(e) show 2 x 2 um? AFM images of GaSb QDs on
GaAs (Fiz. 1(b)) and on InyGa, _.As (Fig. 1(c)-(f)) surfaces. insets of
AFM images in Fig. 1(0)-(f) show a portion of the surface {oblained
from the same AFM image) with surface slope scale [10L Distinct
surface morphelogy is cbserved when In,Ga; _As layer is intreduced,
i.e., QD density substantially decreases and QD size increases, Cradual
morphology changes are still observed when the indium content
increases from x=0.07 (Fig. 1(c)} to 0.25 (Fig 1(f)). This is due to the
presence of different amount of indium in the InGaAs insertion layer.

Analysis of height and diameter distributions of GaSb QDs on
different InGaAs insertion layers is displayed as histograms in
Fig. 2. The data are obtained from the analysis of individua! QD in
each AFM image (shown in Fig, 1(b)-(e)). First, the QD base area is
extracted from the largest closed-loop contour line of contour
plots of the AFM data. The QD diameter is then calculated with a
circutar base approximation. The QD height is obtained {rom the
difference between the height level of the largest closed-loop
contour line and the maximum height data. Histograms of QD
height and QD diameter are then fitted with Gaussian functions.
Fitted center positions together with the fitted curves are shown
in Fig. 2. From this figure, one can clearly see that both QD
height and diameter increase when the InGaAs insertion layer is
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Fig, 2. Histograms of QD height and diarmeter distribution of Gash QDs on
InyGay _xA5 with x=0.00 (rop), 0.07, 0.15, 0.20 and 0.25 (bottem). Solid lines are
Gaussian funcden fits. Center position of the obtained Caussian function fits are
indicated in the figures.

introduced. Abrupt change is observed when the indium content is
changed from x=0.0 (no insertion layer) to x=0.07. By fuirther
increasing the indium content, the QD height and diameter
increase except only at the indium content of x=0.25 where we
cbserve the reduction of diameter. This non-monotonic diameter
change might be due to the excessively high indium content on
the surface. Indium adatoms might still present after 60-s Sb-
soaking process because of their initially high content. [ncorporat-
ing indium atoms into GaSb QDs induce high mismatch strain and
enhance the growth of large aspect ratic QDs since the QD with a
high ratio can relax more strain {11]. '
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Fig. 3 surmnmarizes the structural variation of GaSb QDs on the
In,Ga, _,As insertion layer as a funcrion of indium content in the
insertion layer. When the InGaAs insertion layer is introduced, the
QD density reduces, whereas QD height and diameter increase, as
depicted in Fig. 3(a)=(c). The initial GaSb QD density, which is about
120 um~2, decreases to less than 30.pm~2, while the average QD
height increases about 1.5 times (from 9.5 nm for x=0.0 t¢ 14.5nm
for x=0.07) when the Ingg7Gage3As layer is inserted. These obser-
vations are attributed to the change of initial surface energy.
interface energy as well as the strain epergy of the QD system
[11.121.
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Fig. 3. Variations of {(a) QD density, (b} average QD helght, {c) average QD diameter
and (d) degree of elongation {defined as d; m/d“ T U]) as a function of indium
content x in In,Ga, _ As insertion layer. Inset of (a) shows the definition of djy | g)
and dH T o The error bars in (b)=(d) are the standard deviation of the values,

To investigate the QD shape anisotropy, we define a degree of
QP elongation as the ratio dj 01/5’;1 T op where dp 1 g _and
d, T OJis the length of QD base along the [11 0] and [1 1 0]
direction, respactively. Inset of Fig. 3(a) shows a schernatic diagram
of a QD with these lengths. Fig. 3(d) displays the degree of
elongation as a function of indium content obtained from the
AFM data. The elongation of GaSb QD shape gradually changes
from a clear elongation along the [110] direction to almost
isotropic (no elungation) QD shape. This change can relate to the
distinct [1 1 n)-facet formation on QD surface when the InGaAs
insertion layer is introduced and it will be explained below. It is
notewerthy that this structural elongation influences the intrinsic
properties of QDs such as their potarization dependency [7} and
their rransport properties [13].

For further quandfying the QD shape, a surface orientation map-
ping, which is so-called facet plot, is analyzed [10,14]. Fig. 4(a) shows
the facet plot obtained from the QD surface of a GaSb QD without
InGaAs insertion layer as compared that with Ing;GagssAs insertion
layer (Fig. 4(b)). From these plots {and also the insets of Fig. 1(b}-{0),
we can clearly see that the (0 0 1) surface as a plateau on top of each
GaSbh QD is present when InGaAs insertion layer is introduced. This
plateau is also observed in other AFM images of GaSh QDs grown on
InGaAs surface (not shown). Apart from this plateau, cther facet
surfaces, which are likely to orient along the {1 1n} directions, are
observed in the facet plot (see Fig. 4(b)). The facet-related surfaces are
on the sidewall of the QDs. It is known from previcus theoretical
growth study that facet can form on the sidewall of QD due to its low
surface energies {15]. This induces the so-called self-limiting growth,
which stabilizes the QD size and shape. When indium content in the
insertion layer increases, the siclewall facets tend to becorne steeper.
However, due to the limited resolution of our AFM, we cannot fully
iclentify the facet inclices. Based on our investigation, we can draw
simple illustrations for the shape of Gasb QD grown on GaAs and
InGaAs surfaces as shown in Fiy. 4(c) and (d). respectively. For GaSb
QDs on GaAs, we obtain an elongated base QD with rather round
shape, while the GaSb QDs on InGaAs show some facetted surfaces
with the (0 0 1) plateau on top. Moreover, the height and diameter of
Gasb QDs on InGaAs are larger than those on GaAs.

Fig. 4. Facet plots obtained from the QD surface of a GaSb QD {a) without and (2} with Inyo7Gapeshs insertion layer. (¢) and (d} are illustrations of GaSb QD on (0 0 1) CaAs
surface and on (00 1) InGaAs susface. Relatively small QDs, which are elongated along the |7 1 0] direction, are observed for Gasb grawth on GaAs, whilg large lacet-related
GaSb QDs are formed when InCaAs insertion layer is introduced before the QD growth.
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4. Conglusions

We present an investigation of structural morphology of self-
assembled GaSh QDs on (0 0 1) GaAs substrates. We have shown
that when the InGaAs insertion layer is introduced, the obtained
QD morphology considerably changes. The QD density decrement
as well as QD size (height and diameter) enlargement are
observed. Besides, the degree of QD elongation changes from a
distinct elongation along the [1 1 0] direction to an isotropic shape
when the indium content in InGaAs insertion layer increases.
Finally, we have shown that the GaSb QDs on InGaAs have a clear
(00 1) plateau on top and facet-related surfaces on the sidewalls.
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Abstract. The current-voltage (/-V) characteristics of quantum-dot (QD) solar cells under
illumination at various temperatures are presented. High-density self-assembled InAs/GaAs QDs
were incorporated into the solar cell structure. The /-V characteristics reveal that both short-circuit
current and open-circuit voltage of the QD solar cell reduce when the measurement temperature
increases. This result is unexpected and inconsistent with a basic solar cell theory where the
temperature 1s belicved to cause the enhancement of the short-circuit current. By analysis, we can

explain the obtained /-1 curves by high series resistances and low shunt resistances of the cell
structure.

Introduction

Semiconductor quantum dot (QD) is a nanostructure that can be engineered in various
aspects. Nowadays, QDs have been demonstrated as an efficient photon-absorbing material in solar
cell structures. Because QDs have bandgaps that are tunable across a wide range by changing the
size, incident photons can be more effectively absorbed. Understanding basic properties of these
devices are necessary in order to properly utilize them in realistic environment.

Self-assembled QDs are of considerable interest due to their atomic-like properties and
defect-free nanostructure. They are attractive for studying physics in zero-dimensional system and
offer many opto-electronic device applications including photovoltaic application. The technology
and physical parameters have been studied intensively during the past thirty years. QDs are also
proposed for using as intermediate band in novel solar cell [1,2]. Although there are many QD
growth techniques nowadays, the Stranski-Krastanow growth mode is still the most widely used
method for producing QD structure [3-7]. Fabrication of QD arrays with narrow size distribution,
high QD density, or large QDs for long emission wavelengths have been demonstrated [3,4,6-8].
Self-assembled InAs QDs can formed on GaAs substrates by the Stranski-Krastanow growth mode
due to the 7% lattice mismatch between InAs and GaAs. The growth of self-assembled InAs QDs
on a GaAs substrate in standard molecular beam epitaxial (MBE) process results in a dot density in
the range of 10° — 10'® cm™. These as-grown QDs have a too low dot density and the expected
benefits of photon absorption at long wavelengths are minimal. Many techniques for improving QD
quality have been proposed. For example, buffer layers with different composition like InGaAs or
GaAsSb [6] have been used to increase the QD density or the QD size. Generally, the QD structures
grown by MBE are preferred due to the higher quality of the interfaces between QDs and the buffer
and the covering layers [9].

Although there exist techniques to improve the QD quality, there are other external factors
that may cause defects and those can reduce the efficiency of a QD solar cell. Operating temperature
1s one important external factor. Analysis of this factor is important because it can affect the cell



performance. For instance, increasing temperature may reduce open-circuit voltage (V,.) then the
maximum power point (MPP) is also changed [10,11]. Typically, the steady-state current-voltage (/-
V) characteristics of a solar cell are often described based on one diode model [12] as given in

cell R
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where 4 is the light-generated current, ¢ is electron charge, k is Boltzmann constant and T..; is

the cell temperature, R, is the shunt resistance, R; is the series resistance, n is the diode ideality
factor and 7, is the reverse saturation current of the cell. This equation is typically useful to describe
the I-V characteristics of a solar cell when parameters (R, Ry, 2 and [,) are typical.

Four major parameters: series resistance, shunt resistance, diode ideality factor, and reverse
saturation current of Eq. (1) are important parameters that can be varied because of internal and
external device design. They can strongly affect the solar cell efficiency. The series resistance is a
parasitic -- power consuming parameter [13] because it decreases the maximum achievable output
power. Lindmayer and Allison [14] have reported the fill factor decrement by about 2.5% for each
0.1 Q increment in series resistance. The shunt resistance represents a current leakage (power loss)
in the solar cell. The standard solar cell has usually R, of more than 10° O [15]. Low R due to
crystal damage and impurities in and near the junction will give rise to a high shunt current [13].
Therefore cell efficiency will be reduced by these factors. Controlling these parameters is important
to enhance the cell efficiency. Many researchers have studied the effects of temperature on general
solar cells but it has not been reported for QD solar cells.

This paper aims to present and discuss the effects of temperature on QD solar cells. It is
divided into two sections: Section I is an introduction and details of the investigated cell structure.

Section II consists of experimental procedures, results and discussion on the tested QD solar cell at
various controlled temperatures.

QD Solar Cell Structure

Stacks of high-density self-assembled InAs/GaAs QDs were incorporated into the QD solar
cell sample structure as shown in Fig. 1(a). The samples were fabricated by using an MBE and a
metal evaporator [3]. P-type GaAs substrates were used as the starting material. After the growth of
500-nm GaAs layer, as-grown InAs QDs were formed. A Si-doped (n-type) AlGaAs heterojunction
was formed for next layer. Finally, a 20-nm thin n"-GaAs layer was grown in order to achieve a
good ohmic contact (AuGe/Ni). AuZn was grown on the back in order to form an ohmic contact to

the p-GaAs substrate. Figure 1(b) shows a QD solar cell used in this experiment. The cell surface
area is about 5x 10 mm”.

oomm |—|r—4/ AuGe/Ni

n-AIGaAs ] n-GaAs
........ E InAs QDs
G-a;\g éUﬁer R
aAs Subsirate..
i it it T AuZn

(a)

Fig. 1 (a) QD solar cell structure with stacked of high density self-assembled InAs/GaAs QDs and
(b) a photograph of QD solar cell sample used in this experiment.



Experimental Procedure

1. Experimental Setup
The 24V 300W tungsten lamp was used as an artificial light source. It provides a low level of
long-wavelength radiation compared to the actual solar source [3]. We used Agilent E3633A DC
power supply as voltage source, Agilent 34401A digital multimeter as voltmeter and Keithley 6485
picoammeter as ammeter. The temperature variation of QD solar cell is observed by Agilent
U1186A K-type thermocouple used with Agilent U1233A multimeter. The 5.5V 0.5W commercial

solar cell is used as a reference cell to accurately calibrate with QD solar cell at various
temperatures.

2. Measurement circuit

The circuit used for evaluating the -7 characteristics of tested solar cell is shown in Fig. 2.
The left-hand side of figure is a solar cell equivalent circuit; it essentially consists of a current
source shunted by a diode. These two elements correspond to generation and loss of photocurrent in
the device [12]. The R, and Ry are also included and they directly affect the I-V/ characteristics
[13,15]. A relation between Iy and Ve can generally be described based on the diode model as
given in Eq. (1). The right-hand side is a group of measurement devices. The group consists of a
voltmeter which measures V.., an ammeter which measures ., and a voltage source which
generates voltage Vs, respectively. When light (photons) with energy more than the band gap of the
absorber material hits p-n junction, it creates electron-hole pairs. Due to the built-in electric field,
photon produced carriers are transported to the electrodes [16], generating electricity. The voltage
source will distribute a constant voltage step. The measurement devices will simultaneously
measure current and voltage at controlled temperature.

PV Cell

e e e — = ——— g

Fig. 2 The [-V characteristic measurement circuit

3. Experimental Steps
In case of the measurement with light illumination, we started by shining light to the tested
cell. After that, a constant voltage is applied. The receiving data, which are cell current and voltage,
were kept for subsequent analysis. In case of dark condition, we put the tested cell into a black box.
This measurement procedure was similar to the measurement with light illumination.
We separated the data into 3 groups. They are (i) -V data of QD solar cell, (ii) I-V data of
QD solar cell when temperature is varied and (ii1) -V data of reference cell.
(1) I-V data of QD solar cell
The QD solar cell described above is measured in the case where the temperature effect is
ignored. The measurement confirms the selar cell properties as shown in Fig. 3 and discussed
below.
(ii) I-¥ data of QD solar cell when temperature is varied
Temperature was varied between 30 °C and 60 °C to study the effects of temperature. During
the I-V measurement, a thermocouple was also used to monitor temperature. '



(111) I-V data of reference cell

The reference cell is used to prove a basic solar-cell theory and compare it with the QD solar
cell. The temperature observation was done as before. The results are not shown in this paper.

The (i) and (ii)-are plotted while only data from (ii) were fitted for finding Lon n, I, Ry, and
R The plotted and fitting data are showed in the next section.

Result and Discussion

The measurement taker in the dark showed that the I-V characteristic of QD solar cell
behaves like a typical diode (see Fig. 3(a)). Under illumination, a large leakage current affects a low
open-circuit voltage ¥, closed to 0.4 V and it has a short-circuit current /. of approximately 2 mA.
The very low I value is inconsistent with the report in Ref. [3] because the light source used
provided low light intensity in this experiment. It has 0.15 mW of maximum power at the maximum

power point (MPP); approximately 0.9 mA and 0.17 V. This result therefore confirms that this
device has solar-cell characteristics.
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Fig. 3 (a) The -V characteristics of QD solar cell with (red line) and without (black line)
llumination at 7., = 30 °C and power-voltage (P-V) characteristics of same structure under
llumination (blue line) and (b) the /-¥ characteristics of QD solar cell at various temperatures (30
°C to 60 °C). Inset shows the variation of short-circuit current as a function of temperature.

Prior to the measurement of the QD solar cell, a reference cell was measured (The I-V
characteristic is not shown here}. The result from the measurement at various temperatures (between
30 °C and 60 °C) confirms a basic solar cell theory [10,11,17]. When light illuminates over a
reference cell, its /. always slightly increases and V. is decreased when cell temperature increases.
The next step was to change the measurement temperature in 5 °C per steps for the QD solar cell.
Figure 3(b) shows the -V characteristics at various cell temperatures. V,, is decreased from 0.37 V
to 0.31 V and /[, is decreased from 2.1 mA to 1.8 mA. The characteristic of [, variation with the
temperature is different from that of the reference cell. The decrease of this current is quite linear.
The rate of change is approximately 10 pA per °C as shown in the inset of the Fig. 3(b). This
behavior of a QD solar cell is unexpected and inconsistent with a basic solar cell theory where the
temperature is believed to cause the enhancement of the short-circuit current,
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Fig. 4 (a) I-V characteristics of QD solar cell: raw experimental data (scatier) and the fitted graph
(line). Solar cell parameters: (b) /.4, (c) 1, (d) I, and (e) resistance as a function of Teer.

There are many techniques for extracting circuit parameters of a solar cell such as a non-
interactive technique [12), transformation method for explicit approximate solutions [18] and
polynomial fitting [19]. Here we transform the implicit function in Eq. (1) to explicit function by
using Lambert ¥ function [18]. According to Eq. (1), the cell current can be wntten as:
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We find the circuit parameters by using Isgcurvefit function in MATLAB program [20]. A
typical fitted curve is shown as an example in Fig. 4(a). The raw experimental data (scatter) and the
fitted graph (line} of QD solar cell are plotted together. In Fig. 4(b), we show the fitted /,;, since it
has a clear tendency with the temperature. The I, increases with the temperature [21]. In Fig. 4(c),
we show the fitted » as a function of T,.y. The n tends to decrease when the temperature increases.
This result is similar to Sharma et al. [22]. In Fig. 4(d), the fitted 7, is shown since it has some
tendency with the temperature too. Our observations are similar to the results reported by Triphathi



et al. [17]. They have shown that the effects of temperature on J, tend to increase when temperature
increases. Finally, Fig. 4(e) shows the fitted resistances of the solar cell (R; and Ry;). For the fit, we
found that series resistance and shunt resistance were about 174 Q and 270 Q, respectively. They
were quite constant (no clear tendency) with temperature.

Increasing temperature will narrow the material band gap. Due to this fact the light
absorption will be increased by the additional absorption at longer wavelengths. The number of
photo-generated electron-hole-pair (current) is therefore increased at higher temperatures. As shown
in Eq. (1), the increment of I, will enhance the magnitude of I.. This phenomenon always happens
in a solar cell with very low R; and high R, [13]. This is different from our QD solar cell sample
which has high R; and low Ry values. Van Dyk et al. [13] reported that both parameters will detract
I-V shape from the standard I-V characteristics. The MPP is moved to the lower point. The fill factor
and cell efficiency is then dropped.

We believe that excessively high series resistance and low shunt resistance has adverse
effects on the I-V characteristics of QD solar cells. This means our QD solar cells deviate from a
conventional solar cell behavior. However, we were not able to clearly suggest how to
experimentally improve our QD solar cells. By decreasing R; and increasing Ry, to ideal values
(equal to zero and infinity, respectively), the /-V characteristics will therefore improve and cell
efficiency will increase. We will do more analysis on this case in future work.

Conclusions

We present the effects of temperature on the -V characteristics of the QD solar cell. We
found that its characteristics are different from a conventional solar cell where rising temperature
causes the enhancement of the short-circuit current. We found that the excessively high series
resistance and low shunt resistance of the QD solar cell is the factor responsible for the observed the
I-V characteristics. We believe this work enhances the understanding of photovoltaic device
Incorporating nanostructures.
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Abstract— GaSb guantum dots {QDs) have been grown by
solid-source molecular beam epitaxy on a 4-monolayer (ML)
In Ga,_As (x = 0.07, 0.15, 0.20 and 0.25) to investigate the effects
of In-mole-fraction of InGaAs insertion layers on the structural
and optical properties of the GaSh QDs. The density of GaSb
QDs grown is approximately 1.2-2.8x10°cm™ on InGaAs insertion
layers which depends on the [n-mole-{raction. Dot shape and size
change substantially. The elongation direction of the base
changes from [110] to [}-10] when InGaAs insertion layers are
introduced. The uniformity of GaSb QDs improves when the
indium content increases. The change in their dot morphology is
likely due to the modified strain at different values of indium
compositions in InGaAs insertion layers. The effects of In-mole-
fraction of InGaAs insertion layer on optical properties of the
QDs are studied by photoluminescence (PL). PL results show the
blueshift of the emission when the indium content in InGaAs
insertion layer increases. )

Keywords— InGads insertion layers; GaSh quantim dots;
molecular-beam epitaxy system; GaAs; Stranski-Krastanov

I. INTRODUCTION

Semiconductor quantum dots (QDs) have gained
considerable interests due to their promising properties for
novel device applications in the past few decades. Many
electronic and optoelectronic devices based on I11-V (QDs have
been investigated [1-6]. They include single-clectron
transistor, QD  laser, light-emitting diode (LED),
photodectectors and memory devices. Among these devices,
self-assembled In(Ga)As/GaAs QDs are major investigated.
However, GaSb/GaAs QDs, which have a type-Il band
alignment, might be more suitable for some applications. For
example, GaSb/GaAs QDs have been demonstraied to have
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some unique properties on different devices, such as wide
tunable wavelength for LED, higher operation temperature for
infrared photedetectors and storage time for memory devices
due to its large hole confinement and long carrier lifettme [7].
Device performance depends on the QD properties. It is
therefore of interest to investigate structural properties of
obtained QDs under various growth conditions in order to
fine-tune them for any specific applications. Nevertheless, the
studies on the structural and optical properties of
GaSb/inGaAs/GaAs QDs are still lacking.

In this paper, we present a study on the structural and
optical properties of GaSb/InGaAs type-1I QD material systern
with In,Ga,.As insertion layers with x = 0.07, 0.15, 0.20 and
0.25 are introduced. All samples are fabricated by molecular
beam epitaxy (MBE) and the QD structures are investigated
by atomic force microscope (AFM). The photoluminescence
(PL) measurements are performed to examine the optical
properties of the samples at 20 K by lock-in method using a
514.5-nm line excitation source and a liguid-nitrogen coocled
InGaAs photodetector.

L EXPERIMENTS

Samples studied here were grown on GaAs {100} substrates
in a solid-source molecular beam epitaxy system (Riber
Compact 21) with an Sb valved-cracker cell. After the
desorption of surface oxide on GaAs substrate at 580°C under
As, beam, a 300-nm-thick GaAs buffer layer was grown at
600°C with the growth rate of 0.5 monoclayer per second
(ML/s). During the growth, reflection high-energy electron
diffraction (RHEED) pattern was observed and well-prepared
buffer layer ((100) GaAs surface) showed a clear (2x4) surface
reconstruction. In order to grow InGaAs insertion layer, the
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Fig. 1. Schernatic structure of GaSh QDs with 4-ML InGaAs insertion layer on
(100) GaAs substrate,

substrate temperature was ramped down to 500°C. After the
substrate temperature stabilized, 4-ML InGa, . As was grown.
Indium and gallium growth rates were changed in order to
obtain the desired content of indium in InGaAs layer, For x =
0.07, 0.15, 0.20 and 0.25, the indium (gallium) rate are 0.025,
0.025, 0.025 and 0.033 (0.33, 0.14, 0.10 and 0.10) ML/s,
respectively. After the 4-ML InGaAs insertion layer growth,
the sample surface was soaked by Sb flux for 60 s. Self
assembled GaSb QDs are obtained by depositing 3-ML GaSb
at the gallium growth rate of 0.1 ML/s. The V/III flux ratio
(Sb/Ga) is kept constant at 4. For optical investigation, the QDs
were capped with a 150-nm-thick GaAs and the 4-ML InGaAs
insertion layer and GaSb QDs were grown again on top surface
without capping. The top GaSb QDs are for surface
morphology examimation. After the growth, the sample was
cooled down immediately. The surface morphology was
characterized by an AFM (Seikc SPA-400) in dynamic force
mode in air. For PL tests, a 514.5-nm Ar-ion laser was used an
excitation source, and data were obtained by InGaAs
photodetector (Hamamatsu G9494). The schematic structure of
GaSb QD samples is displayed in Fig. 1.

II.  RESULTS AND DISCUSSION

Fig. 2 shows AFM images of GaSb (GDs on In.Ga.As
(Figs. 2(a)-(d)) surfaces from the central regions of each
sample. Distinct surface morphology is observed when
InGaAs layer 1is introduced. The dot densities are
approximately 122.8x10° cm™. QD density substantially

decreases and QD size increases. Gradual morphology
changes are still observed when the indium content increases
from x = 0.07 (Fig. 2(a)) to 0.25 (Fig. 2(d)). The elongaticn
direction of the base changes from [110] to [1-10] when
InGaAs insertion layers are introduced. This is due to the
presence of different amount of indium in the TnGaAs
insertion layer. The uniformity of GaSb QDs improves when
the indium content increases.

(2

(b)

()

{d)

27.8nm

Fig. 2. (a}—(d) 2=2 pm? AFM images of GaSb QDs on 4-ML. In,Ga,..As with
x=0.07,0.15,0.20 and §.25, respectively.
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Fig. 3. {a) - (d) histogeoms of QD height and diameter distribution of GaSb
QDs on 4-ML In GaMAs with x = 0.07,0.15, 0.20 and 0.25, re.spectwely Solid
lines are Gaussian fits. Average height and diameter are indicated in the figures.

Analysis of height and diameter distribution of GaSbh QDs
on different InGaAs insertion layers is displayed as histograms
in Fig. 3. From this figure, one can clearly see that both QD
height and diameter increase when the inGaAs insertion layer
is introduced. Abrupt change is observed when the indium
content is changed. By further increasing the indium content,
the QD height and diameter increase, except only at the
indium content of x = 0.25 where we observe the reduction of
diamneter. This non-monotonic diameter change might be due
to the excessively high indium content on the surface. Some
indium atoms may diffuse and incorporate into the GaSb QDs.

GaAs/GaSb/ln Ga, As 4 ML/GaAs

T ! LI T T L I ’ T T L 3

content x
0.07
—0.15 ) |
—0.20
—0.25

PL Intensity (arb. u.)

1 L ) z ] 1 1 3 1 L L] L 1 ) 1

0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

Energy (eV)

Fig. 4 PL measurement of capped GaSk QDs with 4 ML In/Ga,..As insertion
layer

The presence of indium in GaSb will increase the mismatch
strain and therefore modify the QD shape. These observations
are due to the change of initial surface energy, interface encrgy
as well as the strain energy of the QD system [8].

Consistent result to our model is alse observed from the
PL measurement of capped samples. Fig. 4 shows the PL
spectra measured at 20 K. Dependency of the peak positions
on the In-mole fraction of InGaAs insertion layer is clearly
observed. The emission becomes blueshift when the indium
content in lnGaAs insertion layer increases. This is possibly
due to the reduction of strain in the GaSb QDs. However, PL
intensity increases with the increasing indium content. This
indicates the confinement of electron in InGaAs insertion
layer can enhance intensity of the carrier recombination in this
structure.

The unique characteristic of a type-11 band alignment is
seen when the laser power is varied. As the density of hole in
the dots change, so does the strength of the Coulomb attraction
to the electrons. Thus, as the excitation density is increased,
the PL peak shifts to higher energy. This has been observed in
GaSb/GaAs QDs.
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The expected behavior is that the emission energy shows
the third-root-of-excitation-intensity dependence [9]. Fig. 3
shows an example of the normalized PL spectra of GaSb QDs
grown on 4-ML IngpsGagqsAs insertion layer at 20 K with
excitation intensities of 5 and 40 mW. The peaks at A and B
are at 1.256 and 1.443 eV, respectively. The peaks at A® and B’
are at 1.28 and 1.448 eV, respectively. The peaks at A and A’
are attributed to GaSb QD emission because of the exchange
between antimony and arsenic on the dot surfaces during GaAs
overgrowth or smaller effective dot size after overgrowth [10,
11]. The peaks at B and B’ are at around 1.44 eV which has
been reported to occur in Si (As-site) with bulk GaAs, and are
presumed to be related to other system-dependent impurities
[12]). In all cases, the blueshift of the emission energy is seen
with increasing excitation intensity.

1. CONCLUSIONS

We have systematically investigated the effects of In-
mole-fraction of InGaAs insertion layers on the structural and
optical properties of the GaSb QDs grown on (100) GaAs
substrate, The density of GaSh QDs on InGaAs insertion
layers is approximately 1.2-2.8x10°cm™®. The uniformity of
GaSb QDs 15 improved when the indium content increases, PL
intensity can be enhanced by changing the In composition of
the InGaAs insertion layer. This indicates that the electron
confinement in InGaAs insertion layer can enhance the
recombination in this structure.
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Abstract — The method to virtually decrease sensor response
time is proposed and applied to a pH sensing system. By
continuously fitting the measured values with an empirical
formula, which is an exponential decay function, one can predict
and display the final value prior to measure it. Based on our
preliminary tests, the final value can be accurately obtained and
the response time can be reduced for both step-up and step-down
pH-value changes. This method could also be applied fe other
measurement system.

Keywords—Response Time; Signal Processing; Frediction
Model; pH Sensing

I. INTRODUCTION

Nowadays, applications of microcentroller in embedded
systems widely spread [1}. They are ranging from simple
measuring devices, control systems, telecommunication
applications, and robotics. In order to import external physical
data into the controller, several input units, such as switches,
keyboard, and various types of sensors, are developed [2]. For
typical measuring devices (and control system), one can divide
the embedded system into a few subsystems as shown in Fig. 1.
In general, physical data from sensing probe is converted into
electrical signal (voltage or current) and then transmitted to a
measurement circuit. This circuit preliminarily modifies the
signal to a form thal compatible with microcontroller
specification. The centroller will then further process the data
for storing, displaying, and/or doing feedback control.

In any sensors, the characteristic response time, 1.8, the
time needed before obtaining the correct (stable) physical value

Sensing
Signal
g Measuremenl M trell Display Unit
Cirsuit icracontrolier e.g. LCD, etc.
Sensor Probe [ 1 ------ o
e.g. temperature, :
hurmidity, . e
concenfration, |~ . %?P;;ﬂi :
pH, etc. . R

Fig. 1. Schematic iltustration of typical embedded system
for measuring (and control) device.

AT

at the output of the sensors, is largely diverged. The
characteristic time depends on both nature of physical
properties and applied measurement techniques. Typical
electrical signal/circuit has relatively fast response time (less
than one second) compared with other physical signals e.g.
temperature, humidity, chemical concentration, as well as pH
{more than a few seconds). In order to shorten this time for
some critical experiments, some hardware/software-based
techniques have been proposed [3-6]. For scnsor
manufacturers, they can improve their sensor probes by making
a new design of sensor structure [3,4]. However, it is not
possible for embedded system developer. We therefore propose
an algorithm to virtually improve the sensor response time.
This concept has been tested with pH sensing dataset. The
result shows that the characteristic response times can
substantially be decreased by this method.

11. EXPERIMENTAL PROCEDURE

A. Experimental Setup

A commercial pkl probe (Atlas Scientific Inc.) was used to
measure pH values from different calibrated solutions. The
known pH-value samples are pH=4, 7 and 10 buffer solutions
(See Fig. 2{a)). The real-time pH data is collected by a simple
measurement circuit, which consists of two op-amp stages (See
Fig. 2(b)). They are voltage follower and inverting amplifier
{gain = -10). The amplified electrical signal is measured by a
multimeter (Agilent UI233A) connected with infrared-to-
Bluctooth adapter {(Agilent Ul177A). The recorded voltage
values are stored by using z tablet PC. The data are then
processed in a PC with MATLAB software package. Due to
very small initial signal from the pH sensor (~0.1 mV), the
signal must be amplified by the measurement circuit. Since the
pH values of the measured (calibrated) solutions are known, we
can convert the measured voltages to the pH values. The
relation between measured voltage V.., and pH value is

pH Value (¥, ) =181V,

mea et

+6.74- (n

Note that this relation is obtained from a calibration using
pH=7 and pH = 10 solutions. Linear approximation is applied
for simplicity.
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Fig. 2 (a) Photography of the measurement setup.
(b} Schematic of the measurement circuit.

B. Experimental Steps

For virtually accelerating the sensor response time, we
develop a MATLAB code to predict the final value y, by fitting
the recorded signals (¢, ¥) with an empirical formula, which is
an exponential decay function:

~ 1=t M1,

Y=y, 0y, e oy, e (2)

where #; is the mitial fitting time, ¥, Ys % and 1, are
parameters obtained from the fit.

Flowchart of our developed program is shown in Fig. 3. It
starts by setiing all initial values. In each ™ iteration step (i =
1,2,3,...), data, which are the voltage V.. (the pH value ;) and
time 1, will be recorded and appended inte vectors y and t,
respectively. The fitting is performed with  lsgcurvefil
command in MATLAB program [7). Value of yy at the i
iteration y,, is displayed/updated instead of the y; . 1t will be
shown later that this vy is converted to stable w1y value,
Response time of the sensor can virtually be reduced by this
algorithm. Note that the proposed routine must restarted when
there is a large abrupt change of the measured value e.g. the
pH-value change of 1.0 can be considered as the signal to
restart the routine for pH sensing. However, it is not
implemented/tested within this work.

111. RESULT AND DISCUSSION

Typical measured voltage obtained from the measurement
circuit is shown in Fig. 4. On the right-hand axis, the
corresponding pH value is also shown (See Eq. (1)). Fer

Set initial values
andi=1

| Record «;and ¥;

Fit dala (t, y) wilh
é{m,,

. Vs ~—1u KT,
A= sy e

Fig. 3 Flowchart of developed algorithm for
displaying the predicted final pH value yy instead of
the measured pH vatue y(£).

obtaining accurate data, we need to wait until the received data
are stable (typically more than 180 seconds). In order to
accelerate this response time, we use the proposed method
(Section 11 B.) to predict the final pH value. Here, we
specifically analyze the curve in Fig. 4 for our interested step-
up and step-down pH-changed regions (marked by two dotted

2 Y ¥ L 10
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= . =
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o 0 A 7 2
D ot ©
= Dip into >
g oH =10 T
=14 solution o
| — =
et A FY

2 . : T

0 1000 2000 3000
Time 1 (s)

Fig. 4 Voltage and pH value obtained from the measurement
circuit when 3 different solutions are tested. Triangles mark the
signal when the solution is changed. Dotted rectangles mark
our interested part of the curve for testing our algorithm.
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Fig. 5 The interested regions for analysis of (2) step-up and
(b} step-down signal changes. Solid lines are recorded data.
Dotted lines are the full-range-fitted data. The dash lines are
the display data obtained from the iterative fitting procedure.

rectangles). For step-up change, the pH sensor probe is dipped
inte pH = 10 solution and the recorded voltage/pH value is
shown in Fig. 5(a). For step-down pH change, the pH sensor
probe is dipped into pH = 4 solution the recorded voltage/pH
value is shown in Fig. 5(b).

Recorded data shown in both Figs. 5(a) and 5(b) can well
be fitted with the proposed exporsential decay function (Eq.
(2)). The difference betwesn fitting of step-up and step-down
curves is just the sign (negative and positive) of y, and y;. Final
stable value y; is obtained when time { approaches infinity.
These fittings suggest that the empirical formula vused for this
work can accurately described temporal characteristics of our
pH sensor.

In order to virtually accelerate the sensor response time,
algorithm proposed in Fig. 3 is applied. By artificially

DAMCTD

considering the recorded signals as real-time signals,
incremental ¢; and y; are considered. These data are stored in the
vector t and y. Length of these vectors is increased for each
iteration step. Simultaneous fit with Eq. (2} gives yzi Yao Voo
7,; and 7,; However, only fitted (predicted) yg; is the main
interests. For each iteration, y;, are plotted in Figs. 5(a} and
5(b) as dash lines. One can clearly observe that this predicted
values approaches the stable value faster than the measured
value y(#). We can therefore conclude that our proposed
algorithm can virtually accelerate the sensor response time.
One striking noise feature of y;; curve can be observed in
Fig. 5(a). We found that our proposed methed also produces
artificial noise in the measurement. This is due to the presence
of real noise signal in the recorded signal. This noise is
enhanced due to the fitting procedure. However, it gradually
decreases when the signal reaches stable (final) value.

IV. CONCLUSION

We present the method to decrease the response time in
order to display stable (final) pH values. By testing our
algorithm with realistic pH-valve data, we found that the
proper fitted curve is an exponential decay function. The fast
response time can virtually be obtained by displaying the fitted
pH value. This work will enhance the usage of software
algorithms in any ‘smart” embedded system.
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Low-Power Wireless Sensor Network for Measuring
Water Content in Paddy Field
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Abstract — This paper describes a design and implementation
of wireless sensor network for measuring water content (water
level and soil moisture) in paddy field. Low-power-consumption
sensor node consists of timer/relay circuit, water level
measurement circuit, seil moisture measurement circuit, and 2
commercial wireless communication module (ZigBee). Arduino-
based coordinator node can directly connect to the internet and
record the measurement data into a server. Users can view the
real-time data as well as retrieve the recorded data by using any
web browsers.

Keywords—Wireless Sensor Network,
Moisture, ZigBee

Water Level, Soil

I. INTRODUCTION

Recently, wireless sensor network (W SN} becomes popular
for many applications in both in-house and outdoor systems
[1-4]). Using WSN in agriculture gains more inferests because
of its potential in doing precision agriculture where many
physical data related to the plant growth must be recorded and
evaluated [4]. By integrating sensors into wireless network
node installed in the field, one can cobtain several relevant
parameters. In Thailand, rice is the major agricultural product.
Applving WSN to do precision agriculture for rice growth in
paddy field is therefore of interested.

Concerning  wircless network configuration, several
protocols have been tested. Among thern, ZigBee is one of the
most pepular protocols since it is built from small, low power
digital radios and complied with IEEE 802.15.4 standard [5).
Transmissien distance of 10-100 meters is sufficient in many
practical applications.

In this work, we design and implement a WSN for
measuring water level and soil moisture content in a paddy
field. It consists of both hardware and software parts, The
hardware can be divided into wireless sensor nedes and
coordinator node. Two sensor circuits are included mto the
node. We have designed timer/relay circuit to reduce the powsr
consumption of the sensor node. The coordinator consists of
wireless communication module, LCD display and
microcontroller. For the software part, we have developed
application programming interface (APl) for doing web
service. Water content data is recorded into a database and it
can be retrieved by internet users via any web browsers.

IT. SYSTEM DESIGN

A schematic of hardware for the proposed WSN is shown
in Fig. l(a). Wireless sensor node is designed te install into 2
paddy fieid. Coordinator node is used to collect the data from
each sensor node and displayed/recorded them into a database.
Transmission distance of less than 100 meters [5] is sufficient
for typical paddy field. Many nodes can be installed at different
positions in 2 paddy field and one can use them
simultaneously. The coordinator must be installed in-house and
connected to internet in order to send the real-time data to a
SErver.

Figure 1 (b) presents a block diagram of the system
overview. The system consists of 3 parts. They are sensor
nodes (shown more details in Fig. 2), coordinater node, and
wsb service. In each sensor nodes, timer/relay cirouit (Fig. 3) is
used to control the power flow into other circuits. Measurement
circuits are for water level (Fig. 4) and soil moisture (Fig. 5).
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Fig. | (2) Schematic of the hardware setup and
(b) Diagram of the system overview.
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Probe no. 2
Soil Moisture

Probe no. 3 Measurement

Common Circuit
Probe
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Fig. 2 Photography of the sensor node and the circuits inside.

Data from both circuits will be sent to ZigBee module and
further transmitted to coordinator. The coordinator is controlled
by a microcentroller (Fig. 6). We have used Arduinio UNO for
this task, The microcontroller is used to inifially process the
received data. The received data will be further transfer o a
database via a connected Ethernset module and the data can also
be locally displayed via an LCD module. APIs are developed
to connect to a database and the data can be retrisved via any
web browser (Fig, 7).

1H. SeENSOR NODE CIRCUITS

Figure 2 shows a phetograph of the fabricated sensor node.
A spray-coated plastic tube (PVC}of [-inch diameter is used as
the package for each sensor node. Probes for measuring water
level (probe no. 1-3 and commen probe) and soil moisture
content {moisture probe) are installed on the lower part of the
tube. A 9-V battery and on/off switch are on the upper part.
Inside of the tube, circuit board is installed. Four circuit
modules are placed on a single printed circuit board. Details of
cach self-made circuits are described in this section.
Commercial XBee board is used for ZigBee communication
module.

A. Timer/Relay Circuir

Schematic diagram of timer/relay circuit is shown in Fig. 3.
Typical 9-V Battery is used to supply energy to the ssmsor
node. The 555 timer IC with the resistances Ry and Rp and
capacitance C is used to continuously generate control pulse to
the relay. The period T, tum-off and twrn-on durations (4 and
t2) can be adjusted by selecting the resistance and capacitance
values [6]. For practical usage in a paddy field, the turn-on time
can be only a few seconds while the turn-off time might be
several hours since water level as well as soil moisture are
typically slow varying parameters. By furning-on the sensor
node once or twice a day, power consumption of the sensor
node is significantty reduced.

When the circuit is turn-on, 9-V power 15 reduced to 3.3 V
by the 1117T IC. The voltage of 3.3 V will supply to other
circuits (water level measurement, $oil moisture measurement,
and ZigBee communication module).

B, Water Level Measuremeni Circuit

Schematic diagram of water level measurement circuit is
shown in Fig. 4. Tt simply consists of transistors and resistors.
Water is used as a cenductor. Transistor will turn on when the
water level reaches the probe. Digital (onfoff} signal will be
sent from this circuil. Typically, water level of [0-15 cm is

SwW
— ' 17T [3.3v>
h
R, o], 6 “EL 0.01 uF
+ - [ov >
—._[.— Rzg
oy =

Fig. 3 Schematic diagram of timer/relay circuit.
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Fig. 4 Schematic diagram of the water-tevel
measurement circuit.

desired. We therefore design a level spacing of 5 cm with 4
level indications for practical used in a paddy field (See Fig. 2).

33V
100 Q)
2ZN2222
50 k2
Meisture

Fig. 5 Schematic diagram of the soil moisture
measurement circuit.

C. Soil Moisture Measurement Circuit

Schematic diagram of s0i! moisture measurement eircuit is
shown in Fig. 5. Soil resistance relates to the water content in
the soil, i.e., soil moisture. Circuit shown in Fig, 5 can be used
to measure the soil resistance. Magnitude of electrical current
flew via the soil will inverse proportional to the soil resistance.
Transistor will amplify the current signal and send it to the
analog output. It will thus be proportional to the soil moisture
content.

IV. COORDINATOR NODE AND WEB SERVICE

Figure 6 shows the diagram of the connection within the
coordinator node. 1t consists of a microcentroller (Arduino
UNO), a ZigBee module (XBee board), an LCD module, and
Ethernet module. For stmplicity, the code in the
microcontroller 1s minimized by doing only checking address
and data (as a string) extraction from the receiving signal (from
ZigBee module). Standard libraries are used. Real-time data
can be locally displayed via LCD module. The same data 18
sent to database server.

APIs for both recording data from the senser node and
retrieving/showing «ata for the user are developed by using
simple php code. Datzbase is created with mySQLL User
interface (U1} is developed for displaying real-time data and
recorded data. Capture image of the developed Ul for two
sensor nodes (during the measurement at two different water
levels) is shown in Fig. 7. In this Ul, remaining times for
having enough water are also estimated based on both
measured water level and measured seil moisture. Note that the
number of the displayed sensor nodes can be changed
ascording to the number of the installed sensor nodes.

V. CONCLUSION

We have prasented the design and implementation of WSN
for measuring water content (water level and $oil moisture) in’
paddy field. Senser node is fabricated with 3 main circuits.

Wireless Signa!
from Sensor Node

To Database Server
{Accessed Via Internet)

{} L-CD Module {f

ZigBee Modula

Microconiroller

Ethernei Module

Fig. 6 Diagram showing the connection within
coordmator node.
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water Level: Normal
Soll Moisture: 100%
Remainlng Time: 5 days

Fig. 7 User interface of the webpag

They are timer/relay circuit, water level measurement circuit,
and soil moisture measurement circuit. Commercial XBee
broads are used for sending/receiving signal according 1o
ZigBee protocol. Microcontroller (Arduino) with other boards
is used as a coordinater node. APls are developed for web
service. Users can access the measurement data via web
browser, However, in this work the testing/evaluating of the
developed system in real paddy field has not been done. This
work will enhance the deveiopment of precision agriculture for
paddy field.
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Effects of Excessive Photons in Optical Quantum Communication
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Abstract

This article presents an analysis of an optical communication
system with single photons. which is practically used for quantum key
distribution. To receive single photon signal on average. the transmitier
must emit more than one photon per pulse in order to compensare the
non-idealities of the system. i.e.. optical less in fiber, uncertainry of the
phase modulator. and imperfection of single photon detectors. By
controlling the compensation value of the optical loss. we can adjust the
number of photons from 7 — 60 photons per pulse. Excessive photons
per pulse lead to abrupt decreasing of system visibility, which is an

important characteristics of the quantum communication sysiem.

Keywords: quantum comnunication, photon sigaal, visibility

1. unii
mtniuTa‘ﬂmséammmmu%amauﬁmﬂumaiuTa‘u‘iﬁﬁwﬁ’a

1Zrumsvian T piiesaedwasGuinshumanssldeialy

saneilseinn (1] seuvdememauaad subudorlFgunsdmanss

atuinuvate q e Rdidiiauiegludagiu oriiu A2

wldsnmaTdasuidos (23 duvaaa Idaounuuiiu [3] 69
908y ImoudeszimBnmgaiirdennasuduientiodni
T Banaa [4] uaz gunsalunaddu q wu Fwoni
'isUuﬁ'amimqlmaﬁ’auiﬂﬂamﬁmﬁauhﬁnuﬂuuwmmﬁ
Sluszuufifinsadauaz1diuel aludmensienguesiaduide
FDUSA (quantum key distribution, QKD} ID3100 Clavis” %2au3dn
IDQuantique [5] (gz1I7 1) mstmseisruudeasiilinnuiu
s ol funsa I ada Tmaunon T 18y seane 7 - 80 Teaou
dowad hundasﬁaﬁnzqnna@mﬁﬁagaﬁ’wmsxﬂ‘n"auw@ﬁwq
Tolnoufaun lustad savs st i useadigaiu i
A rnup i I8oscsuy ludeido s adludnyus audiRfid Wy

) v . -
woesruuEomsiiand udeyaiduiudoams o 19 ums

“

Yiunasszuuae il

Quantum Channel
(single-mode fiber)

jUR I amgipseurdessmanmaFinteusuidu lnhua

VI v o fa . oW W a
fadstoyaru Tnowiadde Alice lEATUVDYARD Bob



msdsequivinmsnadmnssy i afadl 33 (EECON-38) 18 - 20 waefinou 2558 PMINEdonens i Ine

Phase (
. i bl
{ Delay Line  Modulator 8 el P2 i \ggfg; Ciassical
! i H Atenualor 2 DBiecior

i Datector 1

Polarization

Beam Splitter!

Quantum Channy

Faraday

10/90 Delay Line
 Spier / icoupis (ong) Mirer
p H p— [r—

Diode Detecior 2
i id 3100 Clavis? (Bob)

Qeialy E
: I PIM P2 i
t r H

H Variable
i Optical Phas.a
Attenuator i Modulator A
[VOA1) P

id 3100 Clavis? (Alice)

= 2 - v oa = & =
U 2 ssupemsmanradmeusufilzluuunsfind sy plug-and-play Tnussuviiinmsvars

o da d . . e o
msgaufeiidatuludulnhnastensiiemousdailiuatld (voan

2, MsARTISBINIOUAY
2.1 Memauveszuulan s

stuvFomsiuanaununmedlsznoumelu Iddagld 2
Troszuvioruduaind iy Bob dssauameiuuuifada
91108 U 1550 am A 1Xd 14,52 4B (35.3 mW) HIuA2 Twaaw
(Circulator) Tud3nneendly apsdaufidinendiues (Beam
splitter) Tntuaawad oz s lilinsuegmadoyad 1y iud sob
Tnewad e idant s dariugoan1adea1sBintousy (Quamum
Channe!) Fifludulethumanuy Inuadios iiedds Alice 185 uad
udrfezwsoud sdayaiide amsdadionmsassaeunaimsinis
ruaau.fNﬁauﬁaﬂnﬁuumxmuéﬂﬁu (Classica! detector) flou :fia
ur il mdaa g uitfuarld (voan sxdaliiims
aenauuradl Tnafadumagnusginndoyadionisuogmantt s
mlaruaguainad A (Phase modulator A) n’fﬁﬂq‘umﬁaﬁﬁ‘uﬁa (PIM)
Tavhifimanlsulaurteveatad mafizes (2) Faiadums p2 3
argniFdadalunsfsdoyanailuegaaniuu et
detounduRnssanvisual (Fardey mirror) Tzl unisndumia
voaRadumimsae e hiadua sfidun1snduinlnms sawonis
Wiudata q AiRsduludemiadoms Tasmsld voar Tums
Wusanymituis swsglussdu IWmewae (aoy | vl
wiauva 1.28x10™ ga Arweniadu 1550 i1 Tumms)

o Bob 145U Tnaeuadifimsuogandoya P1 sdunudy
Fodfaroszuoneondaeimutnduimaitnisden Ina gy
TngWaouwadiidoya p1M szgnuoneanuazsin lufadavegia
170§ B (Phase moculator B) iieuogranid & lag Bob v Faonafu
Tmouadiaans PIM uaz P2 Sagnufuldineins sfusazunsn
ﬁaﬂf'fu;hu';'huuﬂﬁmﬁaﬁa:jnﬁwﬁ":m’m%‘uwnawﬁ'mm (DI uay

D2)

2.2 FYQIUDINDIUNINTBANIAA
Tumsf'ran‘mlmmﬁﬁm:ﬁuﬁﬂﬁﬂﬂ%"mﬂmaa BB84 [6] 7
Yulsuieiumsuegantoyansluma [7] FeszvuFomsi
FnunirunsnhieuodaeguuusiiisfetuneiWsedined
% AliA-m1RDS (Mach-Zehader Interferometer) ﬁQEﬂﬁ 3(n) Tay
f‘f’rgngmmmrﬂ'muﬁma{ﬁn"laﬁ"lﬁammiﬁﬁnﬁwnauﬁ"wmﬁ

' 'y Py oW A =4
winszargehddanend e sdauiiad lasuntignuogamud

Fruunda @, - @) waziigdansaia DI aaz D2 wnserou 1

iy

Ps— ¥
2

I, =sin? n

1134

Py Py

2

0w e X 2 =
sy Taemdyanefimunsowionaanaladagii s @)

I, =cos’ @

Tunisesrouaaaatoyaaluiade s ldmanudada

.
10, - 0l fp 0 W30 w2 vSo mwiniu TaodmivTyslanea BBS4
s19eTiudad Alice 1Fon 14140 0-m wie w2-3m2 mindu dmdy

b M ' - g '
sxpuetany msvogamrersiino Wauyselegilddinim

o oa o

Ve dalaase Uiang el Tufie Tanud e 1@, - @yi=0

udaAn 7, T 0 uag 1, hivirdy § Aadulunisasesevmussous
a4 & o ' P
JpasEyUEeaIsnuaall esfetuaianiwnsvoaiuld

(Visibility) ¥ #iD

V = Imax - Im'\n (3}
JYmu.\ + Imin

o < 2w ¥
Tau 7wz 1, Fofuningsfigannzindald

nin



. a L = -
mydszpinmamaimnssu it aseR 38 (EECON-35) 15 - 20 wesimou 2558 winndonemsa ine

(M

</Beam " Mirror
Splittar
U T
® o .-
-.-2‘\ “\Iz (DZ) ',' “\ J"
Z . S . P
@ _ N
5 - .
£ s} L ] 8
e LY PN
oY P PN
N ‘- N ’n -‘
E " ‘\ 'a ~
2 00y . i
0 2 T 3n/2 2n
191 = @
71 3 () 3tuvuves Suinoifsofinefrdindn-rumeffiiRouifio

IRfusyunRemsmaaaiidng uas (1 fdunuiieldie

as29duia DI uaz D2 Ridhlsdfuusanousra | @, - @,

3. graveamsUSuaeudwoulvnoudeviad

Tuszuvdons fismmsodmundniau Inevsead 1§
TagnsuSuudamamsemsgaBoluss uumiaes U7 4 uaas
anuduiugssuitamfsawe bl fumsguiielunsdum e
SwanTnouRewad il Alice daponunlugdaumsimzasiyl Tavlu
ssuufimsdvualiuda i dedstaddii laeuszuin o Frin
wad (muald voar Tnsyawents gudeludulnium oe
dB) Fanenad g afegd1u Bob o5 ATy % Tlaoues Tavms
tﬁuui’ﬂﬁ”lﬁ'ﬁmwmwmsqm_,tﬁﬂuizuummmﬁu qQunzanyy
gaNRRTesRIRT W DITs WizdninmmsudeaTdaeuBoadn
dnyy e Idntoand 100%) 1Huds

rewnsmsySumydousui Iaouseiadaniddianm
msuadiuldfeundaslu U4 s namemignmmsveufiulg
wmipnnisia 4 nsdl fie (@, =0, @, = 0). (@, = 2. @, = V).
(@, =0. Py =M uaz (@, = w2 @, =312) ngiazinldi
dieTWaouidiesnoin Alice Sanioania e saavindudasruves
Tmanmmsuouiuldeglunasiaun feldwinndt 97% uaz

4 o ' e e ' @ 1w F e -
L'Llﬂiﬂu')uT‘NFI‘O'l-IﬂﬂWﬁﬁUﬂ'l!ﬂﬂﬂ'ﬂ 40 ATADWATUAITEDUIEUM

767

= 80C Mxy = 7.782 explxia 34) 1
5% :
5 g 60} ]
Ed
Z 5 40F ]
[ =N ]
a2 :
&S 20F ]
é o]

& == N

. 5 10

Optical Loss Compensation x (dB)

U7 4 S IdnounaWadhonnen Alice iolimytFunAou

mszasems gy duTudulodues

high ¥V fow V
) = e
z |
5 961 .
2
S * .
g4l . -
1 J 1 Sl L . 1 1 L
0 10 20 30 40 50 60 70 8

Number of Photons per Pulse

= ' o r s
51% 5 Aremm s ue sy ldandmam

u

TrlaeusdoWadfidioonim Alice

srmmsueadiu 1 §annanthaudin s myaaaiogseiuiiuled
Fainnisiinu Taondaiaduinadimd adafidh 10§ sauen
dwdsiognihdrasndvim TnuforadiiTneunnatmilsh
W Tone (rarniozihn uniuf Treudis st
woroon Tddwana 1iufns e atire i Foi 1 deya
g1 ldersfiman Taufnanufawaiasinmsfinams 195 Inou
Famroad 1830 Tl noundaniu 13 efBeninisiTusieg (double
count) EMuAsVEITuRaradiBannAITYe Ry eI
1 Treaw) Rumdiuly vinldr R R ndaasnduuasly

warszfinisswdAyn o iWguitisludueamd ¢, >

min

0 gerums (3))
mnmnisueadiu 1A ss Fuiud Tagas siua18ns Waneaynl
msFalanuunlauny {quantum bit error rate. QBER) Tyszvuda
dqygeumanea [7] fin

OBER = )]

-V
2



mstssgaimmsnicinnssu i a5af 38 (EECON-38) 15 - 20 moefimvu 2558 WHTInndumomsa ine

» 14 1 -
Fafunsnaassll (GUR ) uaealiiiedimsdiudouiuou
Trasuapwadh Tumuizausziihivssdniamunarsuyanas

s s a Y |
fermufiawanlumsdsdoyatauuuniousuiuniu

5. ap)
; .
puanuiineuensinswissuufems deyadonaag

arpusnlasns 191y Tanea B84 Tugduuy pleg-and-play 910

awldgauasiveassyuii i sududs i mssaenisgade

TaouTusz VU INABUAnS v IR Tasmadnimu ineudn
viod TasmsnransfuhusiiuanalfifiuidmauTiaousotad
fundulliransenuaeszry Ao ldmianxarsvo a4
anasntiaiuiiula 2 smsanaaeadianinms wewihy T4 eavia
WardanRenatevesmsdidanvumsusnlussvunmonainiy
V2w namsanurfvesvemeanawihlsanadauoiszuuns

FomsiFerousufitnms ¥ s wnsdondsd

= =
famnssulszma

Aifeureupununismiuayuies anzdnanssumand

wynInedeuisaas uas guimalulaididonsoinduns

ADURAADILN A (unIn)

768

BNF1591304

m

12

[3]

(4]

{51

[6]

[71

R. Van Meter, Quantum Networking. ISTE Ltd 2014.

M. D. Eisaman, J. Fan. A. Migdall. and S. V. Polyakov. “Invited
review article; Single-photon sources and detectors.” Rev. Sei.
Insiru. 82, 071101, 2011

A. 1. Shields. “Semiconductor quantum light sources.” Nanire L.
215, 2007.

R. H. Hadfield, “Single-photon deteciors for optical quantum
information applications.” Nature Photonics 3. 696. 2005.

— . Quentum Key Distribution System id 3100 Clavis2. id
Quantique SA. 2009, http://www.idquantique.com

C. H. Bennett and G. Brassard, “Quantum cryplegraphy: public
key distribution and coin tossing” Proc. JEEE lnt. Conf.
Compriters, Systems and Signal Processing (Bangalore, India)
175-179, 1984.

N. Gisin, G. Ribordy, W. Tinel. H. Zbinden, “Quantum

cryptography,” Rev. Mod. Phys. 74, 145-192, 2002.



d de o s =) an
msfomMusoenTItiTasAnIMne s Miws ugsIEmsdszinanamwATna

X-ray Image Stitching of High-Voltage Circuit Breaker by Digital Image Processing
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Abstract

This paper presents an image stitching method for x-ray images of
high-voltage circuit breaker (SFy, 22 kV) by using digital image
processing. Because the size of x-ray detector is smalier than the
investigated circuit breaker, an image stitching method is required. By
calculating the corelation between two overlapped images, we can
correctly overlap the images. Prior to the stitching, adjustment of the
image intensity is conducted in order to smooth the interface, Result of
these processes is a stitched x-ray image, which can be used for further

analysis of the image components.

Keywords: High-Voltage Circuit Breaker, lmage Stitching, Digital

Image Processing
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Abstract

In a visible light communication system, LEDs are
typically uwsed as a  transmitter.  High-speed
responsiveness of the LEDs is needed for effectively
modulating the transmitted signal. In this work, we
characterize the intrinsic capacitance of LEDs emitting
different colors. Electrical characteristics of RGB LEDs,
which are static /-V, C-V and frequency-dependent
capacitance characteristics, are reported. Small signal
analysis of an LED equivalent circuit is performed for
evaluating the LED circuit parameters. By fitting the
experimental data, the intrinsic diffusion-junction
capacitance of LEDs are extracted. The capacitance
values of all the LEDs measured in the study showed a
gradual decrement when the signal frequency increased.
We found that the green LED has the lowest capacitance
at the low frequency range of 200 kHz — [0 MHz. It is
therefore suggested that green LEDs are suitable to be
used as a transmitter in a visible light communication in
this frequency range.

Keywords: -V Characteristics; C-/ Characteristics;
frequency-dependent capacitance; LED

1. Introduction

Optical communication technologies are now
widely used and can replace copper wire as the
communication medium due to the high speed of
transmission and wvery low signal loss [1]. These
technologies are  largely used in  fiber-optic
communication systems [1], fiber-optic sensors [2] and
optical fiber monitoring [3]. As such these technologies
are able to replace wire in many applications. Visible
light communication (VLC) technology is a developing
technology. Normally, this technology wuses light
emitting diodes (LEDs) as a transmilter. It requires very
low power consumption, has long life and high ambient
temperature tolerance, as well generating little heat [4].
QOne important application of this technology is to
transmit data wirelessly by using visible light LEDs,
which was initially developed in Japan and is now being
developed by researchers around the world [5-7].

Due to the fact that an individual LED emits light
of low intensity, we need to connect them as an array (or
module) for practical use. Light transmission is a ‘line-
of-sight’ technology so is not useful in areas where there
are obstacles between the transmitter and receiver. The
signal transmission rate is a primary concern in high
speed communications. In theory, the time response of
an LED is related to the intrinsic capacitance value of the
LED materials. Therefore, our objective is to evaluate
the electrical characteristics of LEDs fabricated by using

different materials and emitting different colors, Le. red,
green and blue (RGB), and to a color of an LED which is
most suitable for use as a transmitter in a VLC system in
each frequency region.

2. Experimental Setup and Measurement

Circuit

A common-anode RGB LED was selected for the
measurement. We used a Siglent SPD3303C DC power
supply as the DC voltage source, an Agilent DSO-X
2002A oscilloscope as the AC voltage source and signal
scope, a Keithley 6485 picoammeter as the ammester and
the Keysight 34450A digital multimeter as the voltmeter.

The circuit for measuring the static current-voltage
(I-¥) characteristics of an LED is shown in Fig. 1(a). It
consists of a resistor (R) and a measured LED. An
adjustable DC wvoltage (V) was applied while the
voltage LED (v,) was measured by the voltmeter and the
current passing through the LED (i) recorded by the
ammeter.

For measuring the dynamic responses, i.e., the
capacitance-voltage (C-F) and the frequency-dependent
capacitance characteristics, we included an AC source
(¥,.) into the initial circuit shown in Fig. 1(a); see Fig
1(b). For an AC source, we chose a sinusoidal signal
because it has the lowest number of harmonic
frequencies when compared with other waveforms.
Therefore, reliable received capacitances were finally
obtained. A sinusoidal signal provides a constant
amplitude of 0.4 V. We found that this value is suitable
for our work. If the signal was too high, signal distortion
occurred.

Fig. 1 Circuit for measuring the electrical characteristics of an LED in
(a) static and (b) dynamic modes. Inside of the dashed recrangle in (b}
shows an equivalent circuit of the measured LED.
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Fig. 2 Small signal analytical circuit in frequency demain
for finding the values of C,g.

On the other hand, if the signal is too low, we cannot
detect it because of noise. Probe | (Ch. 1) and probe 2
(Ch. 2) from the oscilloscope were used for capturing the
AC signal V. and subsequently v,. An AC signal inside
the circuit in Fig. 1(b) causes the voltage across the LED
denoted as v, By considering a small signal equivalent
circuit model of the LED [8], we can write the LED
symbol as the equivalent circuit, which consists of series
resistance (ry), diffusion resistance (r,) and diffusion-
Jjunction capacitance (Cy;) as shown in the dashed
rectangle in Fig. 1(b). A typical use of LED is operating
at a low current level so we therefore simply ignore the
effect of r, by setting r, = 0. We cannot simplify
anymore because it might be wrong in theory [8,9].

3. Small Signal Analysis

We analyzed the measurement circuit in the
frequency domain by using phasor notation. The
equivalent circuit of the LED in Fig, 1(b) is represented
by an impedance Z; as shown in Fig. 2. The AC voltage
source is now a reference phasor. That i1s V. = 4,20 and
the voltage across the LED 15 V, = 424, where 4, 1s the
amplitude of the AC voltage source, 4 is the amplitude
of voltage across the LED and ¢ is the phase difference
between the two phasors,

By analyzing the circuit in Fig. 1(b) or Fig. 2, we
can find the values of C,. Here, we separately analyze in
two conditions; amplitude and phase. After some
algebraic derivations, the C,; can be displayed as

_sing

C, = :
i wRa

()

where @ = 4/4, 1s a ratio between the amplitudes of these
phasors and « = 2nf s an angular frequency of the AC
signal with temporal frequency f.

4. Experimental Procedure

In this work, we measured the characteristics of
LEDs in both static and dynamic modes using the
circuits shown in Fig. 1. The circuits consist of a
constant reference resistance R of 1.5 k€. For the static
mode measurement, we sweep Vg from -1 V to 10 V.,
These voltages span in both forward and reverse bias
conditions. Finally, the I~} characteristics for 3 different
colors of RGB LED are obtained. Similarly, for the
dynamic mode measurement, we sweep V. from 0 V to

778

10 V. The frequency fis fixed to 2 MHz for evaluating
the C-V  characteristics. Frequency-dependent
capacitance of the LED was also studied at a constant V.
of 3 V. The frequencies were varied from 200 kHz to 20
MHz. All data was obtained at room temperature (25 "C)
in dark conditions.

During the voltage/frequency sweeping, the maw
signal data was recorded. Typical AC signals are shown in
Fig. 3. The data are the signals coming from probe Ch. / or
V.. and Ch 2 or v; of the oscilloscope. We fit these
waveforms for finding parameters 4, 4; and ¢ by using the
isqeurvefit function n the MATLAB program [10). The
value of Cy in each iteration of different bias voltage v; and
signal frequency fare then calculated by using Eq. (1).

5. Result and Discussion

Typical I-V characteristics of the red, green and
blue LEDs are shown in Fig. 4. These curves are
obtained by using the measurement circuit in Fig. 1(a).
Each LED is turned on at v, approximately 1.80 V, 2.60
V oand 2.70 V for the red, green and blue colors,
respectively. Different colors showed different turn-on
voltage. This result relates to the band-gap energy of the
LED materials [11]. The trends of the curves show good
diode characteristics for all LEDs.

The dynamic response results are shown in Fig. 5
and Fig. 6. Figure 5 shows the voltage-dependent
capacitance for the three colors in the RGB LED. In this
case, the frequency / is equal to 2 MHz and V. is swept
from -1 to 10 V. All LED colors show the same trend and
are consistent with the turn-on behaviors of the LED (see
Fig. 4). The values of Cy suddenly increase similarly to
the corresponding values in the trend of i; when the
voltage is above the turn-on voltages. At the maximum
measured current (7 = 4 mA in our experiment), we found
that the values of Cy; for the red, green and blue LEDs are
approximately 2800 pF, 1700 pF and 2400 pF,

Signal (V)
-b| -

04 0.6 0.8
Time ¢ (us)

02

Fig. 3 Typical waveforms of the signal obtainet from oscilloscope.
Red LED is measwredl. Parameters are Vg = | V, V. =04V,
F=2MHzand R = 1.5 kQ. Waveform of ¥, is shown in black color

and that of vy is shown in green color. The fitted curves are also shown
as a dotted and dash-dotted line. For this condition, we obtained

Ap=0399 V. 4=0.063 Vand ¢ =-80.676"
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Fig. 4 The /-¥ characteristics of red, green and blue LEDs in the
measured RGB LED. Inset shows a photo of the LED.
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© 1000 1
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0 . .
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Fig. 5 The C-¥ characteristics of three LEDs in an RGE LED. They are
measured at =2 MHz and R = |.5 k(1. Triangle-circle symbols mark
the highest capacitance values of each LED at /i, =4 mA,

respectively. These results are marked as triangle-circle
symbols in Fig. 5. For a typical VLC system, we
dynamically bias the LED in forward condition when it is
used as a signal transmitter. In this system, high speed
responsiveness of the device is important. Our results
show that the green-color LED has the lowest intrinsic
diffusion-junction capacitance Cy at specific frequency
of 2 MHz. Therefore, the green LED is the most suitable
for use as a high-speed transmutter. This is dus to the fact
that the response time is directly proportional with
capacitance value (Time constant T is equal to RC,
product of the circuit resistance and the capacitance of
the used device in a simple equivalent AC circuit model
[9]. If its capacitance value is low, the device can then
be operated at high speed.

A typical VLC system can operate at a wide range
of frequencies appropriate for several possible
applications. We therefore tested the frequency-
dependent response of the LED by sweeping the signal
frequency f from 200 kHz to 20 MHz and fixing the DC
source voltage V. to 3 V (See Fig. 6). The trend shows

|
10 - - - -
0 4 8 12 16 20

S (MHz)

Fig. 6 Frequency-dependent characteristics of three LEDs in the
frequency range berween 200 kHz to 20 MHz. The measurement is
performed when a constant DC source voltage ¥, of 3 V is applied.

the green LED has slightly lower Cy than that of the blue
LED at all frequencies below 10 MHz. This result
corresponds to the previous result shown in Fig. 5. Due
to this slightly different capacitance, we can choose
cither green or blue LEDs for use as a transmitter at low
frequency in a simple practical case. The LED that has
lowest Cy also changed to the red LED when the signal
frequency is more than 10 MHz. The trends of the three
colors are quite the same but the red-color LED is the
most dominant. Therefore, the green LED is suitable as
the transmitter 2t low frequency range (/' < 10 MHz). If
the VLC system is operated in the high frequency range
{(f> 10 MHz), the red LED is better.

6. Conclusion

We present the electrical characteristics of LEDs
emitting at different colors. The static and dynamic
responses of the LED were measured. We found that the
green LED is more suitable for use as a VLC transmitter
at low frequency range because it has the lowest

~capacitance. However, the red LED is slightly better for
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working at high frequency. This work will enhance the
understanding of an emitter in the visible light
communication system.
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