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ABSTRACT

In this era, short-wavelength laser diodes with quantum-well (QW) structures offer plenty of opportunities for 
improvement in laser performance and receive widespread attention. Therefore, we develop dynamic model of the 
violet-blue InGaN laser diodes (LDs) and discuss basic features of the device in this paper. We investigate longitudinal 
mode dynamics through detail numerical simulation of the rate equation model of the quantum-well LDs. We selectively 
observe several effects such as relaxation oscillation, mode competition, intensity noise etc. From the dynamic behavior of 
the gain spectrum and time-varying modal photon numbers we found that the higher intensity noise of the quantum-well 
structure was due to random fluctuation with time among the different modes. The results were explained considering the 
previously published findings to confirm the validity of the proposed rate equation model of the quantum-well structures.
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1. Introduction

InGaN semiconductor laser diodes have undergone through 
rapid improvements as of late [1-5] and offer several sought-
after properties such as direct electric modulation, compact 
size, different spectral widths etc. Dynamics [6] and 
relaxation oscillation [7] effects in laser diodes are eminent 
and by employing the rate equation model that considers 
single longitudinal mode only, we may easily weigh these 
effects. In this paper, we use an improved simulation model 
considering multi-longitudinal modes in order to reproduce 
mode competition phenomena [8].

The behavior of electrons is firmly influenced by the quantum 
nature of the electron when the semiconductor microstructure 
is of nanometer size. These quantum structures have offered 
successful and alluring opportunities for improvement in 
semiconductor laser performances [9, 10]. For the first time 
Dingle et al. examined the optical features in quantum wells 
[11], since then the utilization of QW configurations in 
semiconductor lasers has received widespread consideration 
[12, 13] due to its remarkable aspects such as its lower 
threshold current density [14, 15], lower temperature 
dependency [16-18], notable dynamic properties [19-21] 
etc. K. Matsuoka et al. reports experimental data on quantum 
and feedback noise in InGaN QW semiconductor lasers and 
confirmed higher quantum noise compare to long-wavelength 
AlGaAs laser diodes [22]. Later, M. Ahmed presented a 
theoretical model of InGaN QW laser diodes that operates in 
single-mode and confirmed the above experimental findings 
through numerical simulation [23]. However, none of them 
could explain satisfactorily why we get aggravated noise 
properties in blue-violet lasers. After that, L. Uhlig et al. 
developed a multimode rate equation model of QW lasers 
and described their nonlinear dynamics [24]. However, L. 
Uhlig et al. didn’t consider photon number fluctuation due to 
spontaneous emission.

In this article, we present an improved rate equation model 
of the violet-blue QW multimode InGaN LDs. In our 
model, we consider fluctuation in photon numbers due to 
spontaneous emission and two distinct quantum wells each 
having different carrier injection efficiency. The double-QW 
model can be easily extended to multiple quantum wells 
as well. Through exact numerical simulation of the rate 
equation model, we discuss basic features of the double-QW 
LDs with accentuation on its nonlinear dynamics and noise 
characteristics as well as properties of gain.

First, we introduce the improved rate equation model for 
the multimode double-QW InGaN laser diodes, and then 
through numerical simulation we discuss properties of the 
device. We also compare our simulation results with that of 
the other published findings to confirm the validity of our 
rate equation model.

2. Double-QW InGaN LD Model

M. Yamada et al. simulate dynamics of the InGaN lasers 
using the rate equation model in [25]. We have expanded 
the model to double-QW LDs in this paper. InGaN laser 
diodes typically have two to three quantum wells [26] and 
optimization of the number is a part of the development 
process [27]. Many have already observed unequal carrier 
injection into the multiple QWs [28, 29] and we consider 
the carrier densities are different in two different quantum 
wells to include this effect. We divide the total active area 
into two equal-sized parts and each part has been considered 
separately. In this scenario, carrier numbers corresponding 
to threshold, saturation and transparency are counting as half 
of the values for single QW. It is to mention that we can 
easily expand this model to three quantum wells. Also, the 
rate equation model is equally applicable to III-nitride LDs 
grown on c-plane, semipolar or nonpolar plan as we have 
considered dynamic effect of electron-hole concentration, 
electron lifetime and polarization field while deriving the 
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equations.

We can study nonlinear dynamics of the double-QW InGaN 
laser diodes by using the rate equations for the carrier number 
N(t) and photon number Sp(t) that can now be modified as 
follows.
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In the injection term in eqns. (1) and (2), carriers injected into 
the 1st QW is represented by χ and therefore the remaining 
(1-χ) carriers will go into the 2nd QW. Usually, the 1st QW 
is considered to be the stronger pumped one and therefore 
we consider the value of χ as 0.5 ≥ χ ≤ 1 [29]. N1 and N2 are 
the two different carrier numbers for the two different QWs. 
τs is the electron lifetime. To include unequal pumping, we 
define two linear modal gains for the two different quantum 
wells- for the 1st QW we consider Ap1 as the linear gain of 
the p-th longitudinal mode and for the 2nd quantum well we 
consider Ap2 as the linear gain term. Gth is the threshold gain 
of the LD active medium that corresponds to the sum of the 
internal loss k and the mirror loss due to front facet and back 
facet reflectivity Rf and Rb, respectively.
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The modal gain Gp contains the linear gain term Ap, the 
self-saturation term –BSp and the mode coupling term. The 
last term is divided into symmetric Dpq and asymmetric Hpq 
parts [30]. Thus the expressions for Gp1 and Gp2 for the two 
different QWs are defined as
𝐺𝐺𝑝𝑝1 = 𝐴𝐴𝑝𝑝1 − 𝐵𝐵1𝑆𝑆𝑝𝑝 − ∑ �𝐷𝐷𝑝𝑝𝑝𝑝 1 + 𝐻𝐻𝑝𝑝𝑝𝑝 1�𝑆𝑆𝑝𝑝𝑝𝑝≠𝑝𝑝    (5)
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The coefficients Ap1, Ap2, B, Dpq and Hpq are defined as follows 
[31].
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We assume that the mode p=0 has wavelength λ0 and known 
as the central mode of the gain spectrum. The shift of 
wavelength due to thermal effect [32, 33] is neglected in the 
modal photon density calculation. Wavelengths of the other 
longitudinal modes can be written as

𝜆𝜆𝑝𝑝 = 𝜆𝜆0 + 𝑝𝑝Δ𝜆𝜆 = 𝜆𝜆0 + 𝑝𝑝
𝜆𝜆0

2

2𝑛𝑛𝑟𝑟 𝐿𝐿
 
 p = 0, ±1, ±2, … (15)

Due to recombination and spontaneous emission, the photon 
number fluctuates. This fluctuation is introduced in eqn. (3) 
as function FS(t) that is known as Langevin noise source. We 
can approximate the function as Gaussian distribution with 
its mean value equal to zero and is given in the following 
equation.
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The variances VSpSp in eqn. (16) is defined as-
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We generate random numbers through  in the ranges between 
-1 and +1 [31, 34] and Δt is the small time-step considered 
in our calculation.

The noise contents in the time varying photon number 
fluctuation is determined in terms of the RIN (relative 
intensity noise). We calculate the RIN value from the 
temporal fluctuation δS(t)=S(t)-Savg, where S(t)=∑Sp is the 
total photon number.
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where Ω is the Fourier frequency and Savg is the time average 
photon number.

We then integrate the discrete version of the Eqn. (18) 
through fast Fourier transform and compute the values of the 
temporal intensity fluctuation as given in Eqn. (19).
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Optical power of the laser output can be calculated using the 
Eqn. (20) given below as
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2𝑛𝑛𝑟𝑟 𝐿𝐿

𝑙𝑙𝑛𝑛 �1/𝑅𝑅𝑓𝑓 𝑅𝑅𝑏𝑏 ��1−𝑅𝑅𝑓𝑓 �

�1−�𝑅𝑅𝑓𝑓 𝑅𝑅𝑏𝑏 �
2 ∑ 𝑆𝑆𝑝𝑝𝑝𝑝   

 (20)
Here, hν is the photon energy and c is the speed of light in 
vacuum.

3. Numerical Calculations

We investigate the behavior of the InGaN double-QW LDs 
through numerical simulation of the rate equation model 
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represented by the Eqns. (1)-(3). We have considered two 
distinct quantum wells with dissimilar pumping efficiency of 
the injected carriers. To solve the rate equations of the carrier 
and photon numbers, we use the Fourth-order Runge-Kutta 
method. We consider total 13 modes to simulate the rate 
equations that depict the multimode laser diode with peak 
wavelength λ0 = 410 nm. We take a very short time step of ∆t 
= 5 ps for the numerical simulation so that we can count on 
very high relaxation oscillation frequency. We also simulate 
the rate equation for at least 2 ms so that we can examine the 
laser output at a very lower frequency region. Values of the 
parameters of the InGaN laser diodes that were considered in 
our numerical simulation are given below [35-37].

Differential gain coefficient = a =1.85×10-12 m3/s, dispersion 
parameter of the linear gain spectrum = b = 3×1039 m-3A-

2, half-width of spontaneous emission = ∆λ = 20 nm, 
dipole moment value = Rcv = 1.22×10-29 C2m2, linewidth 
enhancement factor = α = 2, field-confinement factor = ξ = 
0.2, unequal pumping parameter = χ = 0.7, carrier intraband 
relaxation time = τin = 0.01 fs, average carrier lifetime = τs 
= 2 ns, electron number that characterizes nonlinear gain = 
NS = 2.01×108, transparent electron number = Ng = 2.52×108, 
active region length of the LD = L = 300 µm, active region 
volume of the LD = V = 100 µm3, active region refractive 
index of the LD = nr = 2.6, internal loss in the LD cavity = 
k = 5.2 cm-1, reflectivity of the LD front facet = Rf = 0.4 and 
reflectivity of the LD back facet = Rb = 0.7.

4. Results Analysis

Fig. 1 depicts the current vs. optical output power 
characteristics to show the static behavior of the laser 
diode. To understand its threshold behavior logarithmic 
value of optical power is also shown in the figure. From the 
continuous wave measurement, we get the slope efficiency 
as dP/dI = 0.41 W/A and the threshold current as Ith = 27 mA.

The self-saturation parameter B determines the effect of 
photon number currently presents in any single longitudinal 
mode on the gain of that particular mode. The value of B 
is same for all the longitudinal modes, but for the multi-
QW laser diodes the impact of B is different in the different 
quantum wells because self-saturation parameter depends on 
the density of carrier presents in that particular quantum well 
and also takes into account the carrier saturation effect. 

The mode cross-saturation has two parts- Dpq describes 
the symmetric part and Hpq describes the asymmetric part. 
The modal gain of neighboring modes is suppressed by 
the symmetric part of each mode and in the wavelength 
spectrum that part follows the Lorentz-distribution [24]. As 
the difference of wavelength between two coupling modes 
become larger, the effect of this interaction decreases. The 
asymmetric part is demonstrated as (λq-λp)

-1 in the rate 
equation model and thus the gain is higher for the neighboring 
modes in the longer wavelength direction and lower in the 
shorter wavelength direction.

Fig. 1: Laser static characteristics. (a) Current vs. output optical 
power on a linear scale, the threshold current is calculated as 27 mA 
and the slope efficiency as 0.41 W/A. (b) Current vs. output optical 
power on a logarithmic scale to show the threshold behavior.

 
Fig. 2: Simulated gain spectrum at (a) t = 30 ns and (b) t = 80 ns, 
showing total gain and its linear term and self- and cross-saturation 
terms resulting from multimode simulation. This figure represents 
the gain characteristic at two different times and can be considered 
as a snapshot of its dynamic behavior.
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The linear gain term Ap and modal gain Gp are shown in Fig. 
2(a) together with the effect of self-saturation and cross-
saturation parameters at time t = 30 ns and operating current 
I = 1.8Ith. However, that behavior is not static, rather time-
dependent. To show its dynamic behavior we present the 
simulated gain spectrum at different time t = 80 ns in Fig. 
2(b). The difference in the simulated modal gain at t = 30 ns 
and t = 80 ns may be attributed to a small wavelength drift 
due to the effect of ambient temperature, nonlinear current 
injection, or mechanical deformation of the cavity due to 
thermal expansion or mechanical stress in the laser cavity, 
resulting in a slight shift in the position of the resonant 
modes and a corresponding change in the modal gain at 
different wavelengths.

The dynamic behavior of the gain spectrum was confirmed 
by the temporal photon number fluctuation of the different 
modes shown in Fig. 3. The figure shows that the modal 
photon number fluctuates rather randomly and the dominant 
modes jump from one mode to another randomly with 
time. Also, the dominant modes shift towards the longer 
wavelengths due to the inverse effect of the asymmetric gain 
saturation term on the modal gain defined in Eqns (13) and 
(14). Due to this random fluctuation of the modal photon 
numbers, we get rather high relative intensity noise (RIN) 
in short-wavelength InGaN QW lasers compare to long-
wavelength AlGaAs DH laser diodes. This properties were 
reported previously by K. Matsuoka et al. in [22] and M. 
Ahmed in [23]. M. Ahmed reported that 5 mW AlGaAs laser 
diode has LF-RIN value of around -150 dB/Hz whereas 5 
mW InGaN laser diode has -135 dB/Hz. As mentioned in the 
Introduction, K. Matsuoka et al. presented their experimental 
findings and M. Ahmed their simulation results considering 
only the single-mode operation. Therefore, it was difficult 
for them to draw a conclusion for deteriorated noise 
properties of shorter wavelength lasers. From our multimode 
simulation, we can confirm that the higher RIN value of the 
InGaN QW lasers might be due to random fluctuation of the 
different longitudinal modes with time. It is to mention that, 
we get single-mode like operation with one dominant mode 
for AlGaAs DH lasers without external optical feedback as 
reported in [34].

Fig. 3: Time variation of the photon number for all 13 dominant 
modes that we have considered in our numerical simulation.

We get total carrier number N by adding number of carriers 
in the two separate quantum wells and total photon number 
S by adding photon numbers of the all existing longitudinal 
modes. Temporal photon number variation and RIN 
properties of the 410 nm InGaN QW lasers are shown in Fig. 
4. Total photon number fluctuates randomly around its time 
average value of Savg=5.9×105. RIN characteristics show a 
peak at the relaxation oscillation frequency near 3.8 GHz.

Fig. 4: (a) Time variation of total photon number at the laser output. 
(b) Quantum RIN characteristics of InGaN laser diodes at I=1.8Ith. 

5. Conclusion

We have presented multimode rate equation model of 
the double-QW laser diodes considering different carrier 
injection efficiencies for different wells. Later, through 
numerical simulation of the rate equation model for the 
410 nm InGaN lasers, we explain its dynamic properties of 
gain spectrum, RIN characteristics and mode competition 
phenomena. 

In conclusion we can say, the 410 nm InGaN double-
QW laser diodes may operate at higher threshold current 
and slope efficiency compare to long-wavelength laser 
diodes. Due to the effect of nonlinear and self- and cross-
saturation gain terms, the dominant modes of laser diodes 
shift towards longer wavelength with time. Though the total 
photon number at laser output fluctuates around its average 
photon number, the optical signal jumps from one dominant 
mode to another rather randomly with time. Due to random 
fluctuation among several longitudinal modes with time, we 
get aggravated quantum RIN characteristics of the InGaN 
laser diodes compare to AlGaAs laser diodes.
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