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Abstract: The outputs of the MQW violet InGaN laser diode (LD) with ternary AlGaN blocking layer (BL) (LD1) and quaternary 
AlInGaN BL (LD2) have been analyzed and the parameters of LDs have been calculated. Coupling ISE TCAD simulator with 
MATLAB program has been proposed and utilized to simulate the digital modulation of the LDs. Several operating points on L-I curves 
of LD1 and LD2 have been selected and examined of pulse response for the purpose of the direct digital modulation investigation. The 
simulation results indicated that LD2 has relatively lower relaxation oscillation (RO) and higher frequency of RO than LD1. The bit 
rate, turn-on and turn-off times, and extinction ratio have been investigated and calculated from pulse responses of LD1 and LD2. The 
maximum bit rate calculated of MQW violet InGaN LDs was 500 Gb/s. In general, it was found that LD2 is better than LD1 for direct 
digital modulation behavior due to its lower RO, K ratio (photon lifetime/carrier lifetime), damping constant and higher frequency of 
RO than LD1. Parameters calculated and direct digital modulation results presented in this work are in line with related experimental 
studies. 
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1. Introduction 
 
Group III-nitride materials have been recognized as one of 
the most promising optoelectronic semiconductor materials 
because they possess excellent mechanical properties such as 
high melting point, high hardness, and high thermal 
conductivity. In addition, group III-nitride materials have 
large direct tunable band gaps which are appropriate for 
short-wavelength LEDs and LDs where the usefulness and 
goodness of GaN and its alloys have been well established 
for the fabrication from visible to ultraviolet (UV) LEDs and 
LDs.  
 
Violet LD that is based on these materials, especially the LD 
with an emission wavelength near 405 nm has attracted great 
interest as a light source for high-density optical data storage, 
high-resolution color printing, chemical sensor, medical 
applications, and undersea optical communication systems.  
 
Since the demonstration of the first InGaN/GaN LD by 
Nakamura et al. [1], significant progress has been made 
towards reducing the threshold current, increasing the output 
power, increasing the lifetime of the LDs and improving the 
device characteristics.  
 
The quaternary AlxInyGa1-x-yN alloy is potential for the 
fabrication of lattice matched III-nitride by independently 
controlling the band gap energy and the lattice constant and it 
has better lattice match to GaN resulting in a decrease of 
dislocations [2, 3]. Moreover, the use of AlxInyGa1-x-yN 
quaternary materials is proved to be a promising approach in 
realizing deep UV devices [4]. 
 

The growth temperature of quaternary AlInGaN by metal 
organic chemical vapor deposition (MOCVD) ranges from 
750 to 900 oC [2, 5, 6]; and this is close to the growth 
temperature of the InGaN active region. As a result, this 
makes the indium prevention by evaporation from the InGaN 
active region better when using it as a blocking layer (BL) 
than using the conventional ternary AlGaN BL.  
 
Theoretically, J. R. Chen et al. showed that the built-in 
polarization can be reduced by using quaternary AlInGaN as 
a BL instead of ternary AlGaN BL [7]. The optical properties 
of InGaN MQW LDs with different polarization-matched 
AlInGaN barrier layers have been investigated numerically 
by S. Park et al. [8]. These researchers showed that the use of 
quaternary polarization-matched AlInGaN barrier layers 
enhances the electron-hole wavefunction overlap due to the 
compensation of polarization charges between InGaN QW 
and AlInGaN barrier layer. The optimal polarization-matched 
InGaN/AlInGaN LD showed lower threshold current and 
higher slope efficiency compared to the conventional InxGa1-

xN/InyGa1-yN LDs. C. Skierbiszewski et al. used the 
quaternary AlInGaN in the superlattice cladding layer of the 
LD as AlInGaN/InGaN pairs instead of conventional 
AlGaN/GaN pairs; they relatively obtained high output 
power (60 mW) at room temperature [9]. On the other hand, 
Wei Yang et al. have theoretically shown that the InGaN LD 
performance can be enhanced by using tapered and graded 
AlGaN BL [10]. 
 
The InGaN LDs near 405 nm are expected to play an 
important role in undersea optical communication systems, 
especially after increasing their lifetimes where long lifetime 
is always needed for laser used in optical communication 
systems. Moreover, the digital modulation of the pulse 
response of violet InGaN LDs is also required in other 
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applications. Therefore, the analysis of digital modulation 
and pulse response of violet InGaN LD are required to 
examine the ability of this laser to build a clean square wave 
of pulse response. The other items of the digital modulation 
of violet InGaN LD such as RO, turn-on and turn-off times, 
and bit rate have not been sufficiently clarified yet.  
 
However, there is very little information about the digital 
modulation of violet InGaN LDs. The violet InGaN LDs 
have been modulated with pulse current in order to measure 
the carrier lifetime experimentally by S. Nakamura et al. and 
M. Kuramoto et al. [11,12]. M. Kuramoto et al. studied the 
relationship between the slope gain and frequency of the 
relaxation oscillation of the violet InGaN LDs with emission 
wavelengths at 411, 404 and 397 nm. They observed the ROs 
in the pulse response for these three LDs and concluded that 
the LD which has higher RO, also has a higher carrier 
lifetime [12]. S. Nakamura et al. modulated the MQW violet 
InGaN LD with an emission wavelength near 405 nm, and 
they measured the frequency of the RO which was 3 GHz 
[13].  
 
In this paper, the digital modulation characteristics of MQW 
InGaN violet LDs with ternary and quaternary BLs are 
theoretically investigated by coupling MATLAB with ISE-
TCAD simulation program.  

 
2. Theoretical Framework  
 
The LD dynamic behaviors are modeled by a set of two time-
dependent differential equations which describe the 
relationship between the carrier density N(t) and the photon 
density S(t) together with the optical phase Ф(t) [14]:  
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where Γ is the optical confinement factor which describes 
how much mode is confined in the active region, oN  is the 
carrier density at transparency for which the net gain is zero, 
τp is the average photon lifetime inside the cavity, τn is the 
carrier lifetime, I(t) is the injection current, β is the fraction 
of the spontaneous emission that couples with the lasing 
mode, q is the electron charge, va is the active region volume 
which can be omitted if the equations are to be interpreted in 
terms of carrier and photon numbers, og  is the slope gain 
constant, α is the linewidth enhancement factor and ε is the 
gain compression factor or non-linear gain coefficient.  
 
These are large signal single-mode rate equations that 
describes the LD behavior in both spontaneous emission and 
stimulated emission regions as it can be viewed in Figure 1 
which represents the full operating regions of the LD. From 
the equations above, it is possible to derive a set of steady-

state and small signal equations to help in further 
understanding the static and dynamic behaviors of LDs.  
 
The rate equations are used to describe the output optical 
power versus input current, the modulation response to the 
sinusoidal bias current, and the operating characteristics for 
laser amplifiers. Moreover, a numerical optimization 
technique is employed to extract the rate equation parameters 
of the LDs where all parameters can be extracted in a self-
consistent manner [15]. 
 
The nonlinearity in the LD behaviors is due to the 
spontaneous emission coupled into lasing mode, mirror 
reflectivities, internal parameters, leakage current, axial hole 
burning, and temperature variations [16]. Therefore, this 
nonlinearity behavior of the LD is expressed by non-linear 
gain coefficient (ε) as well as spontaneous emission factor 
(β). 
 
If the regime of the stimulated emission is kink-free, this 
means that the LD operates with fundamental single 
transverse mode. If it is not kink-free, this means that the LD 
operates with more than one transverse mode where the kink 
is due to the transition of one transverse-mode to another. 

 

 
Figure 1: Full operating regions of the laser diode. 

 
For the arbitrary operating points that are close to the 
threshold current, gain saturation term 1/(1+ε.S(t)) will be 
approximated to 1 for the value of ε.S(t)<<1. This term will 
have negligible effect on Eq. (1) and Eq. (2).  
 
Building a signal model is essential in determining operating 
points within the ‘semi’ linear lasing region. In these 
operating points, the lasing region which is defined above 
threshold current, are used to characterize the small signal 
response [102]. The process of selecting the operating point 
is as follows: choose an arbitrary operating point close to the 
threshold current. Therefore, the gain saturation term 
1/(1+ε.S(t)) will be approximated to 1 for values of 
ε.S(t)<<1. This term will have negligible effect on Eq. (1) 
and Eq. (2). Figure 2 shows the principle of selecting an 
operating point. Hence according to [17] partial derivatives 
with respect to N(t) and S(t) can safely be taken as:  
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The state-space model of couple rate equations is:  
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The first row of A and the first row of B are the coefficients 
of the first rate equation for 

dt
tdN )( . Likewise, the second 

row of A and the second row of B are the coefficients of the 
second rate equation for 

dt
tdS )( . C and D are the coefficients 

of the output equation for y where y is the desired output for 
the photon density. Jacobian matrix in state-space model will 
be applied as in the following equations:  
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By substituting Eqs. (4-7) into Eq. (10), we can obtain [17]: 
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Figure 2: The principle of selecting an operating point 

 
3. MQW violet InGaN Laser Diode Structure 

Under Study  
  
 
In general, the schematic diagram of MQW violet InGaN LD 
under study is similar to Nakamura’s design structures [1, 18, 
19]. Therefore, this design structure refers to a real structure 
grown in laboratory. Because Nakamura’s experimental 
studies have proved that the violet InGaN LD with double 
quantum well (DQW) has the best properties [18-20], this 
study focus on the DQW (active region) as a based design 
structure. Because the quaternary AlInGaN BL will be 
considered in this study, the thickness of BL has been chosen 
as 14 nm based on the study conducted by C. Skierbiszewski 
et al. [21]. A schematic diagram of the preliminary MQW 
violet InGaN LD structure under study is shown in Figure 3. 
In this simulation, it is assumed that the MQW violet InGaN 
LD is grown on the n-type GaN layer whose thickness is 2 
μm. On the top of this GaN layer is a 0.1- μm-thick n-type 
In0.05Ga0.95N compliance layer and a 0.48- μm-thick n-type 
Al0.07Ga0.93N cladding layer, followed by a 0.1-μm-thick n-
type GaN guiding layer. The active region consists of double 
In0.12Ga0.88N undoped QWs where the thickness of every well 
is 2.5 nm, and every well is sandwiched between two 5-nm-
thick In0.01Ga0.99N barriers. A 14 -nm-thick p-type 
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Al0.18Ga0.82N or AlInGaN BLs is grown on top of the active 
region, followed by a 0.1-μm-thick p-type GaN guiding layer 
and a 0.48-μm-thick p-type Al0.07Ga0.93N cladding layer. 
Finally, a 0.1-μm-thick p-type GaN cap layer is grown over 
p-type cladding layer to complete the structure. The doping 
concentrations of n-type and p-type are equal to 18101×  and 
5×1018 cm-3, respectively. The band offset ratio, which is 
defined as the ratio between the conduction band offset and 
the valence band offset ( vc EE ∆∆ / ) of InxGa1-xN / InyGa1-

yN QW, is assumed to be 0.7/0.3. The active region is 1 μm 
in width and 750 μm in length. The reflectivities of the two 
end facets were assumed to be 50% for each one for lower 
threshold current density as Nakamura concluded in his 
design [19].  
  

 
Figure 3: A schematic diagram of the preliminary MQW 
violet InGaN LD structure under study. 
 
The values of all LD parameters, which were calculated and 
required for the study and analysis of the pulse response of 
digital modulation of the LD1 and LD2, are listed in Table 1.  
 

Table 1: The parameters of LD1 and LD2 
Parameter Value of LD1 Value of LD2 Unit 

Active region volume 11105.1 −× 11105.1 −× cm3 
Carrier density at threshold 191066.1 ×  191032.1 ×  cm-3 

Carrier density at transparency 1910367.1 ×  1910067.1 × cm-3 
Carrier lifetime 91043.2 −× 9103.2 −× s 

Differential quantum efficiency 0.487 0.5  
Internal loss 9.35 8.05 cm-1 

Internal quantum efficiency 92 94 % 
Laser cavity length 0.075 0.075 cm 

Mirror loss 9.24 9.24 cm-1 
Photon lifetime 121048.4 −× 121082.4 −× s 

Optical confinement factor 0.0075 0.008  
Slope gain constant 5101 −× 5101 −× cm-3.s-1 

Spontaneous emission factor 51068.0 −× 51072.0 −×  
Threshold current 16.42 13.76 mA 

Threshold current density at transparency 1800 1485 A/cm2 
Threshold gain 18.587 17.29 cm-1 

Wavelength 406.66 406.66 nm 
 
4. Selecting the operating points  
 
The operating points required for the study and analysis of 
the pulse responses of two LD designs for digital modulation 
are selected. Five operating points for each design are 
selected. These points should be slightly above the threshold 
current for two reasons. The first reason is because of the use 
of the approximation ε.S(t)<<1 in rate equations when 
Jacobian matrix was applied in state-space. The second 
reason, in optical communication systems, the bias LD is 
always slightly above the threshold current to avoid the 
unwanted relaxation oscillation. Consequently, the study and 
analysis of the pulse response in this area are very important.  
 

The powers with the corresponding currents of the selected 
operating points are extracted from L-I curves of the two 
designs. Figure 4 and Figure 5 represent the selected 
operating points which will be used to study and analyze the 
pulse response for digital modulation of both designs. Only 
part of the L-I curves of LD1 and LD2 near threshold current 
have been considered.  The selected operating points of LD1 
are included in Table 2 and the selected operating points of 
LD2 are included in Table 3.  

 
Table 2: Selected operating points of LD1. 

Current 
(mA) 

Power 
(mW) per 

facet 

Carrier 
density 

(cm-3) × 1019 

Photon density 
(cm-3) × 1013 

17 0.27 1.66 0.508 
17.5 0.515 1.66 0.969 
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18 0.8 1.66 1.5054 
18.5 1.1 1.66 2.07 
19 1.4 1.66 2.6345 

 
Table 3: Selected operating points of LD2. 

Current 
(mA) 

Power (mW) 
per facet 

Carrier 
density 

(cm-3) × 1019 

Photon 
density 

(cm-3) × 1013 
14 0.25 1.32 0.525 

14.5 0.55 1.32 1.1569 
15 0.87 1.32 1.83 

15.5 1.2 1.32 2.524 
16 1.54 1.32 3.05 
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Figure 4: Selected operating points of LD1. 
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Figure 5: Selected operating points of LD2. 

 
5. Pulse response and relaxation oscillation of 

MQW violet InGaN LDs  
 

Most LD systems modulate the output beam by modulating 
the bias current of the LD. Therefore, it is needful to have a 
sufficient knowledge of its pulse response to the input current 
where the input current (Iip) in the LD is assumed to consist 
of a bias current (Ib) and a modulation current (Im), as: 

  
Iip=Ib+Im(t) (18)  
 
The bias current is a constant current that pushes the LD 
operating beyond the threshold current value and into the 
linear region. The modulation current is an alternative current 
that is switched on and off in synchronization with the input 

current waveform. In fact, one of the factors which limit the 
data rate is the switching speed of the LD. For the fast 
switching operating, it is common to bias the LD slightly 
above the threshold current to avoid turn-on delay time [22].  
 
The relaxation oscillation (RO) is always coupled with the 
pulse response of LD. Because most LDs are working under 
class B in which the carrier lifetime (τn) is longer than the 
photon lifetime (τp), the RO is expected to appear in the pulse 
response.  
 The LDs under study are modulated with 1 mA above the 
operating points whose details are described in Tables 2 and 
3. The injected modulation signal starts at zero ns and ends at 
12 ns with duration of 3 ns. 
 
Firstly, the pulse responses and ROs of digital modulation of 
LD1 are investigated. Figure 6 shows the input current to the 
LD1, it is equal to the bias current plus modulation current 
(square wave). Figure 7 shows the pulse response of LD1 at 
the bias operating point of 17 mA. The overshoot appears on 
the pulse response due to the RO, and the RO is due to the 
interaction between the electrons and photons. Therefore, 
when the interaction between the electrons and photons 
increases the RO also increases. The ROs are expected to 
increase due to the increase of the photon density of the LD 
when increasing the bias current of the LD as it can be seen 
in Figures (8-11) where these figures represent the pulse 
responses of the LD1 at 17.5, 18, 18.5 and 19 mA, 
respectively. 
 
Secondly, pulse responses and the ROs for digital modulation 
of LD2 are investigated. Figure 12 shows the input current to 
the LD2, it is equal to the bias current plus modulation 
current (square wave). Figure 13 shows the pulse response of 
LD2 at the bias operating point of 14 mA. The overshoot also 
appears on the pulse response due to the RO. When 
increasing the bias points above the threshold current, the RO 
in the pulse response increases due to the increase of the 
interaction between the electrons and photons. Figure (14-17) 
represent the pulse responses of the LD2 at 14.5, 15, 15.5 
and 16 mA, respectively.  
 
By comparison between the RO of LD1 and LD2, one can 
see that the ROs of LD2 is slightly lower than the ROs of 
LD1. This result can be discussed with K ratio which is equal 
to 

p

n

τ
τ  where the RO mainly depends on the carrier lifetime 

( nτ ) and photon lifetime ( pτ ). The LD does not generate 

the RO when the ratio of 1≤K  [23]; hence, when the K 
ratio is low, the RO is also low. K ratio of LD1 is 542.4 and 
K ratio of LD2 is 477.2. On the other hand, the damping of 
RO, which is called the damping constant, also plays a role in 
reducing the ROs in LD2. The damping constant is given 
approximately by 2τn [24], and it was found to be 4.86 and 
4.6 ns of LD1 and LD2, respectively. This slightly difference 
between these two values of damping constants also makes 
the ROs of LD2 lower than that of LD1.  
 
Based on the simulation results of this study, although there 
is a slight difference in the pulse response behaviors between 
LD1 and LD2, it can be concluded that the LD2 is better than 
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LD1 for digital modulation where reducing the RO of LD is 
the ultimate goal for optical communication systems. 
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Figure 6: The input current to the LD1, it is equal to the bias 

current plus modulation current (square wave). 
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Figure 7: The pulse response to 3 ns with 1 mA modulation 

current at the bias operating point of 17 mA of LD1. 
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Figure 8: The pulse response to 3 ns with 1 mA modulation 

current at the bias operating point of 17.5 mA of LD1. 
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Figure 9: The pulse response to 3 ns with 1 mA modulation 

current at the bias operating point of 18 mA of LD1. 
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Figure 10: The pulse response to 3 ns with 1 mA modulation 

current at the bias operating point of 18.5 mA of LD1. 
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Figure 11: The pulse response to 3 ns with 1 mA modulation 

current at the bias operating point of 19 mA of LD1. 
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Figure 12: The input current to the LD2, it is equal to the 

bias current plus modulation current (square wave). 

0 1 2 3 4 5 6 7 8 9
x 10-9

0

5

10

15 x 1013

Time (s)

P
ho

to
n 

de
ns

it
y 

(c
m

-3
)

 
Figure 13: The pulse response to 3 ns with 1 mA modulation 

current at the bias operating point of 14 mA of LD2. 
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Figure 14: The pulse response to 3 ns with 1 mA modulation 
current at the bias operating point of 14.5 mA of LD2. 
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Figure 15: The pulse response to 3 ns with 1 mA modulation 
current at the bias operating point of 15 mA of LD2.  
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Figure 16: The pulse response to 3 ns with 1 mA modulation 
current at the bias operating point of 15.5 of LD2. . 
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Figure 17: The pulse response to 3 ns with 1 mA modulation 
current at the bias operating point of 16 mA of LD2. 
  
K ratio in typical conventional LDs is approximately 1000 
where the carrier lifetime is around 3 ns and the photon 
lifetime is around 1 ps, especially in LDs which are used in 
optical communication systems such as quantum well - 
distributed feedback (QW-DFB) LD. To compare between 
MQW violet InGaN LDs under study and the conventional 
QW-DFB LD, the pulse response of the QW-DFB LD will be 

presented in a suitable scale. The parameters required for the 
QW-DFB LD were taken from reference [22]. The carrier 
density and photon density of the QW-DFB LD above the 
threshold current at 5.68 mA were taken from reference [17]. 
Therefore, the LD1 and LD2 are modulated above their 
threshold currents at 5.68 mA. 0 
 
Figure 18 shows the pulse response of LD1at the bias 
operating point of 22.1 mA, Figure 19 shows the pulse 
response of LD2 at the bias operating point of 19.44 mA and 
Figure 20 shows the pulse response of QW-DFB LD at the 
bias operating point of 15 mA where the threshold currents 
are 16.42, 13.76 and 9.32 mA for the LD1, LD2 and QW-
DFB LD, respectively; and that the duration currents of these 
pulse responses are 3 ns. 
 
It is obvious from these three figures that the RO of QW-
DFB LD is higher than the ROs of LD1 and LD2. This is 
because K ratio of the QW-DFB is 1000 and this value is 
almost twice higher than K ratio of LD1 and LD2. From 
Figure 19 and Figure 20, one can see that the RO of the pulse 
response of LD2 is slightly lower than that of LD1 as 
discussed earlier. On the other hand, the damping constants 
for LD1, LD2 and QW-DFB LD are 4.86 ns, 4.6 and 6 ns, 
respectively. The higher damping constant of QW-DFB LD 
also increases the RO. 
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Figure 18: The pulse response of LD1at the bias operating 

point of 22.1 mA. 
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Figure 19: The pulse response of LD2 at the bias operating 

point of 19.44 mA. 
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Figure 20: The pulse response of QW-DFB LD at the bias 

operating point of 15 mA. 
 

The frequency of the RO (fr) can be calculated according to 
the following equation [26]: 

 2
1

2
1











=

p

on
or

Sgf
τπ

 (19) 

 
where go is the slope gain constant and Son is the first reach 
steady-state photon density which can be determined from 
the pulse response as illustrated in Figure 21. Table 4 shows 
Son and fr versus the injection current for five pulse responses 
of LD1 and LD2. 
 
Table 4: The Son and fr versus injection current for five pulse 

responses of LD1 and LD2. 
LD1 LD2 

Current 
(mA) 

Son × 1014 
(cm-3) 

fr × 109 
(Hz) 

Current 
(mA) 

Son × 1014 
(cm-3) 

fr × 109 
(Hz) 

17 1.294 2.7 14 1.388 2.701 
17.5 1.41 2.823 14.5 1.589 2.89 
18 1.498 2.91 15 1.7 2.989 

18.5 1.561 2.98 15.5 1.795 3.07 
19 1.631 3.036 16 1.858 3.125 

 
Figure 21 shows the frequency of the ROs of LD1 and LD2 
as functions of the bias current. It is obvious that the 
frequency of the RO increases with increasing the bias 
current. This is due to the increase of the first reach steady-
state photon density (Son) with increasing of the bias current 
as indicated in Eq. (19). 
 The frequency of the RO of LD2 is slightly higher than that 
of LD1 because the slope efficiency of LD2 is higher than 
that of LD1. Consequently, the first reach steady-state photon 
density of LD2 is higher than that of LD1. 
 
Figure 22 shows the overshoot of the pulse responses versus 
injection current of LD1 and LD2. The relationship between 
the overshoot and frequency of RO of the LDs is shown in 
Figure 23.  
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Figure 21: The frequency of ROs as functions of the bias 
current of LD1 and LD2. 
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Figure 22: The overshoot of the pulse responses versus 
injection current of LD1 and LD2. 
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Figure 23: The overshoot versus frequency of RO of LD1 
and LD2 
   
6. Bit rate of MQW violet InGaN laser diodes 
  
The damping of the ROs are known to be advantageous for 
low bit error rate (BER) at large bit rates [27-29]. The 
present MQW violet InGaN LDs showed a strong damping 
of ROs on nanosecond scale. 
 
For LD1, Figures (24-26) show the pulse responses at the 
bias operating point of 17 mA with modulation current of 1 
mA above this operating point, and that the duration currents 
of these pulse responses are 4, 2 and 1 ns, respectively. 
Figure 24 represents the best pulse response among them, but 
its bit period is the longest. Figure 25 shows that the bit 
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period is shorter than that in Figure 24. This means that 
higher bit rate can be transmitted, but the RO broadens the 
signal of optical spectrum, thus contributing to an increased 
BER [30]. Figure 26 shows that the output of the LD1 is 
severely distorted due to the RO presented in overshoot 
where the first peak of the RO is almost equal to the duration 
time (1 ns). Thus, this prevents building of the square wave 
required for digital modulation which results in a sawtooth 
like wave.  
 
As for LD2, Figures (27-29) show the pulse responses at the 
bias operating point of 14 mA with modulation current of 1 
mA above this operating point, and that the duration currents 
of these pulse responses are 4, 2 and 1 ns, respectively.  
 
In terms of modulation, LDs typically convey information for 
optical communication using either direct or external 
modulation. In this study, direct modulation has been taken 
into account. The bit rate (B) is defined as [31]:  

BT
B 1
=  (20) 

 
where TB is the bit period. The bit rate of the direct 
modulation of LD1 and LD2 for the pulse responses 4, 3 and 
2 ns are 250, 333.33 and 500 Mb/s, respectively. These 
values of the bit rate are low compared with the bit rate of the 
external modulation (> 10 Gb/s) [32]. In fact, the main goal 
of the external modulation is to reduce or eliminate the RO 
which results in reducing the bit period then increasing the 
bit rate. In general, the other type of LDs have almost the 
same values of the bit rates for direct digital modulation 
except for VCSEL and QW-DFB LDs in which the bit rate in 
direct digital modulation have been reported to be more than 
10 Gb/s [33, 34]. Figure 30 shows the relationship between 
the bit rate and the bit period of MQW violet InGaN LDs. 
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Figure 24: Pulse response to 4 ns with 1 mA modulation 

current at the bias operating point of 17 mA of LD1. 
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Figure 25: Pulse response to 2 ns with 1mA modulation 

current at the bias operating point of 17 mA of LD1. 
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Figure 26: Pulse response to 1 ns with 1 mA modulation 

current at the bias operating point of 17 mA of LD1. 
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Figure 27: Pulse response to 4 ns with 1 mA modulation 

current at the bias operating point of 14 mA of LD2. 
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Figure 28: Pulse response to 2 ns with 1mA modulation 

current at the bias operating point of 14 mA of LD2. 
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Figure 29: Pulse response to 1 ns with 1 mA modulation 

current at the bias operating point of 14 mA of LD2. 
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Figure 30: The relationship between the bit rate and the bit 
period of MQW violet InGaN LDs. 
 
7. Turn-on and turn-off times and extinction 

ratio 
 
Among the important parameters to be calculated for digital 
modulation are the turn-on and turn-off times and extinction 
ratio. Figure 31 shows turn-on and turn-off times of LD1 and 
LD2 as functions of the bias current. Turn-on and turn-off 
times represented in Figure 31 are calculated from Figures 
(7-11) for LD1 and from Figures (13-17) for LD2. As it can 
be seen from Figure 31, turn-on and turn-off times decrease 
with increasing of the injection current. This is due to the 
increase of the frequency of RO [35] with increasing of the 
injection current. Hence, it is suitable to plot turn-on and 
turn-off times as functions of the frequency of RO of LD1 
and LD2. Figure 32 shows how turn-on and turn-off times 
change with frequency of RO of LD1 and LD2.  
 
Another important parameter to be calculated is the 
extinction ratio. The value of extinction ratio is expected to 
affect turn-on and turn-off time values. Figure 33 represents 
the extinction ratio as a function of the injection current; the 
extinction ratio has been taken in (dB) unit because it is more 
common to measure the extinction ratio. It is obvious that 
extinction ratio decreases with increasing of the injection 
current due to the increase of the RO with increasing of the 
injection current.  
 
In the ideal case, the zero bit optical power is zero which 
results in an extinction ratio of infinity. In practice, this is not 
achievable and when the extinction ratio decreases, the 
difference between zero bit and one bit average optical power 
decreases. This results in sensitive degradation and a higher 
probability to mistake zero bits for one bits (or vice versa) 
resulting in bit errors [36]. Therefore, the power penalty 
( )( ee rδ ) is expected to increase with decreasing the 
extinction ratio as indicated in Figure 34 and according to the 
following equation: 

1
1)(

−
+

=
e

e
ee r

rrδ  (21) 

To compare between LD1 and LD2, turn-on and turn-off 
times are calculated for both of them at the selected operating 
points above the threshold with 1 mA, i.e. at 17.42 and 14.76 
mA for LD1 and LD2, respectively. Turn-on and turn-off 
times at the selected operating point at 17.42 mA of LD1 

were found to be 0.484 and 0.522 ns, respectively; turn-on 
and turn-off times at selected operating point at 14.67 mA of 
LD2 were found to be 0.4 and 0.46 ns, respectively. These 
differences between turn-on and turn-off times of LD1 and 
LD2 are attributed to the difference of the frequency of the 
ROs of LD1 and LD2 as indicted in Figure 22 where the 
frequency of the RO of the LD2 is higher than that of LD1. 
Turn-on and turn-off times of LD2 are lower than turn-on and 
turn-off times of LD1 because turn-on and turn-off times are 
inversely proportional with the frequency of RO as indicted 
in Figure 32. 
 
In addition, the extinction ratio of LD1 at 17.42 and of LD2 
at 14.67 mA are 10.6 and 11.6 dB, respectively. This is 
another reason to make the turn-on and turn-off times of LD2 
lower than those of LD1 as argued above. 
 
Therefore, LD2 is better than the LD1 because LD2 exhibits 
lower turn-on and turn-off times and higher extinction ratio 
which means a faster digital communication can be achieved 
with LD2.  
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Figure 31: The turn-on and turn-off times as functions of 

bias current of the LD1 and LD2 
. 
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Figure 32: The turn-on and turn-off times as functions of the 

frequency of RO of LD1 and LD2. 
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Figure 33: Extinction ratio as a function of the injection 

current of LD1 and LD2. 
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Figure 34: The power penalty as a function of extinction 

ratio of the LD1 and LD2. 
 
8. Comparison with the Available Experimental 

Studies 
 
The results of the pulse responses of the MQW violet InGaN 
LDs have been compared with some available experimental 
studies.  
 
In term of digital modulation, S. Nakamura et al. have 
reported 3 GHz frequency of the RO of MQW violet InGaN 
LD with an emission wavelength near 405 nm [37]. This 
value is close to the theoretical values of frequencies of the 
ROs of LD1 and LD2 in this study.  
 
The simulation results indicated that the bit rate in few 
hundred mega bit per second. This is common in direct 
digital modulation values of the other LDs. M. Kuramoto et 
al. modulated three MQW InGaN LDs with the pulse current. 
They found that the ROs are proportional to the damping 
constant [38]. Therefore, they concluded that the LD with 
higher damping constant has a higher RO. This is similar to 
simulation results in this study where it has been concluded 
that LD1 has higher RO than LD2 because the damping 
constant of LD1 is higher than that of LD2. 
 
 
 
 

9. Conclusion  
 
InGaN based-LDs may exhibit better digital modulation 
characteristic than some conventional LDs. Using AlInGaN 
BL in nitride based LDs gives good digital modulation 
characteristics than using conventional AlGaN BL where 
relatively the fast switching operating can be obtained. The 
photon and carrier lifetimes of these types of LDs can 
determine the digital modulation characteristics, designing 
and fabrication of LDs with appropriate photon and carrier 
lifetimes can improve their digital modulation characteristics.  
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