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Abstract - Laser diodes (LDs) play an important role in our everyday lives. They are the smallest
of all known lasers and have many common applications. It is important to recognize its
characteristics and then improve them. One of the factors that greatly affects the laser intensity and
its optical ability is the doping concentration (DC) of LD layers. Silvaco software was used to
simulate ten layers of laser diode models based on (InP/InGaAsP) materials. The effect of doubling
the DC of these models on the photon density (PD) and laser power (LP) was studied. Also, the
shape of the spectrum generated as a result of changing the DC were investigated. The results
showed that the (P-type) layers had a significant effect on the net doping (ND) as well as PD, which
reached the highest value (17.2*107/cmd) at a photon energy (PE) of (1.02108 eV). The (N-type)
layers have great affect to the emitted power of LD as reached to the value of (11.7 mW at anode
current 1.4 mA/um). The duplication process of the DC for all layers has a maximum range of ND
(15.6-18.4)/cm?® and direct effect on PD of laser diode. Finally, this study explained briefly the
powerful effects of increasing the doping process, especially the p-type, on the characteristics of
LD devices, which were not addressed in previous studies.

Keywords—doping concentration; laser diode; laser power; photon density.

1. Introduction

The term LASER is an acronym that stands for "Light Amplification by Stimulated
Emission of Radiation. A laser diode is an optoelectronic device, which converts
electrical energy into light energy to produce high-intensity coherent light, going into
optoelectronic devices applications that include: Pointer, Laser Printer, Barcode Scanner,
Measuring Instrument, Data Storage, LIDAR systems, Optical Pick-up: CD-P, CD-ROM,
DVD-P, DVD-ROM, ...etc. [1, 2].

The performance of laser diodes has improved significantly over the past two decades.
These diodes have extensive use in a variety of sectors, including the processing of
materials, medical treatment as well as scientific studies and researches [3]. A laser diode
is commonly used as a light source converting electrical energy into light energy, also for
detection of gaseous molecules and pollutants in atmosphere or in chemical industry [4,
5]. Itis lightweight, efficient, and consumes little current [6]. In addition to its ease of use
and its inherent compatibility with the rest of the modem electronics, make it most
important for control and communications-based applications [1,7]. 40Gbps optical
transmission technologies have attracted a lot of attention for their use in very short-range
optical links with developments in high-speed optical networks, and the most common
light source for optical transmission systems is the laser diode [8]. Either direct or external
electrical signal modulation, the laser signal is modulated. In direct modulation, the bias
current and electrical signal (information signal) are applied together directly to the LD
[9]. When compared to an external modification, this direct solution offers a number of
benefits, including lower cost and lower energy consumption [10].
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Due to their low cost and great efficiency, high nanometer laser diodes (HNLD) are being used more and more directly
in material processing applications [11]. Although (HNLD) are frequently used as efficient pump sources for various
solid-state gain media such as fiber lasers and Erbium Doped Fiber Amplifiers (EDFA), are frequently used as sources
for these devices [12, 13]. In order to be modular in these applications, LDs usually need to be connected with optical
fibers or Bragg gratings [14], so it is necessary to enhance not only the power conversion efficiency (PCE) of the LDs but
also the coupling efficiency of lasers and fibers in order to meet industry requirements for efficient unity [15]. The
produced photons in a laser diode are put to use for stimulated emission, which involves interacting with excited electrons
to release other photons with the same frequency, phase, polarization, and direction of travel [16]. The rate of stimulated
emission must be higher than the rate of photon absorption for the laser diode to begin working, inducing a population
inversion and an overall optical amplification [17]. A laser's output power is not always constant and fluctuates with some
noise, but these variations always revolve around a constant overall power output [18].

2. Literature Review

Benouadfel Y. [19] introduced the structure for a Schottky diode fabricated on a substrate n type silicon. The Atlas-
Silvaco program allowed him to provide engineering two-dimensional structure. Indeed, he was able to distinguish the
locations of the different regions (insulator-metal-semiconductor) of the structure as well as the doping of each layer. He
simulated the properties of current-voltage (I-V) of the Schottky diode formed on n-type silicon (n-Si) at temperatures
(300 to 400)XK and explain the effect of temperature on evolution Characteristic. Khaled B.F. [20] introduced modeling
and simulation of a vertical multi-cavity laser diode emitting at 1.54 pum, using the SILVACO-TCAD technique. After
the simulations, he extracts the essential properties of Vertical-Cavity Surface-Emitting Lasers (VCSEL), and he
concluded that the Multi-Quantum Well (MQW) active-zone structure InGaAsP/InP has remarkable confinement
efficiency, thus allowing to have a low laser threshold current compared to other lasers emitting at the same wavelength
and having the same emission power.

This work dealt with creating a model with ten layers, nine of them being InP and one layer of InGaAsP in the middle,
where all ten layers were double-grafted, then the N layers alone as well as P layers alone. Finally, the effect of doubling
the grafting of some other layers was studied, therefore it differs from previously published results.

3. Mathematic Model Analysis

In practical uses, the device must have a lower threshold current, a lower working voltage, and a greater external
differential efficiency in order to increase its power conversion efficiency. The external differential efficiency (7e) of the
device, can be expressed as follows [21]:

Ne = Ni- /(A + ;) €Y)

The internal differential efficiency is represented by i, the internal loss (IL) by ai, and the mirror loss (ML) by am.
Using layer structure designs like asymmetric big optical cavity structures and doping distribution profiles, IL of the
device ai can be minimized [22]. The device requires higher carriers to produce enough modal gain as ML grows [23].
Unfortunately, this causes the phenomena of carrier thermal escape to become more prominent, which in turn causes the
waveguide's carrier density (Nscn) to grow, the absorption loss () to increase, and the internal differential efficiency (7:)
to decrease [24, 25]. The following is an expression for the carrier density rate equation [26, 27]:

dNscr/dt =1/ Qvscr- Nscu (1 7/t + 1/ o) + NowVow/ teVscu 2)

where 75 is the total carriers recombination lifetime in the separate confinement heterostructure (SCH), 7w is the total
carriers capture time from SCH to quantum well (QW), Vscu is the volume of SCH region, and Vow is the volume of QW
region. The thermionic emission carrier lifetime 7. can be expressed as [28]:

T, = (21'tm * LM,Z/I(BT)l/2 x exp(E,/KgT) 3)

where m is the effective mass of electrons or holes in QW, LW is the QW width, kB is Boltzmann's constant, and Eb
is the effective barrier height.

The device's physical core is the balance between stimulated photon emission and absorption, which is primarily
controlled by the properties of the active material, and their competition with optical losses (OLs), which is determined
by the structure and functionality of the optical cavity [29]. If this balance is measured in absolute terms, the results will
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be very close to the physical core. Spectral optical absorption, mirror reflectivity, confinement factor, IL coefficient,
cavity length, and lateral confinement technology are some examples of technological terms that must be known in
advance in order to measure gain [30, 31]. Local optical gain was calculated using the following equation [32]:

[ P <EC — Epy + GAMMA(hw — Eg)> ]
kT

(x,y) = GAINO hw ~ Eg
= *
gx.y kT

E, — Ery — (1 — GAMMA)(hw — E, ) )
lf < kT >J|
Where:
* h is Planck's constant.
* Eg is the energy bandgap.
¢ k is Boltzman's constant.
* T is the lattice temperature.
* Ef and Ey, are the electron and hole quasi-Fermi energies.
* o is the emission frequency.
¢ E, and E. are the valence and conduction band edge energies.
* GAMMA and GAINO: user-definable parameters specified on the material statement.

e The function (f) can be defined as:

1

f(X) - 1+exp(x) (5)
Equation (6) represents a model as carrier recombination caused by stimulated light emission:
Re(x,9) = Zm~— g (6, ) [E (%, )]% S, (6)

Where:

NEFF is the group effective refractive index.

S is the linear photon density.

Ry is the recombination rate as a result of stimulated light emission.

In this equation and all subsequent equations, (m) subscript denotes a modal quantity. For instance, the photon linear
density for mode m is S, in Equation 3. Although user-specifiable, the NEFF option has a default value.

The connection between optical and electrical models is provided by optical gain. Equation (6), explains how the
interaction between the stimulated carrier recombination rate (Rs) and the density of photons (S) furthermore the
dependence of the optical gain on quasi-Fermi levels, which affects to the dielectric permittivity.

LASER model represents derivative of linear photon density (Sm) to the time (t), as shown in equation (7).

dsm C 1  c¢*LOSSES
== G, ———- S, +R.,
dt NEFF Ton NEFF m
" (7
where the modal gain (Gn) is given by equation (8):
G = [[ gm(x, ). (E (x,y))?. dxdy (8)
Equation (9) express behavior of the spontaneous emission rate modal as given:
Rsp = JJ (rep(6,9)) . dxdy 9)
m

The losses per mode are calculated by equation (10) as shown below:
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1 c
ij = NFEE ((Za + Qfc + amir) (10)

Where:

(tpr) the modal photon lifetime, a, is the bulk absorption loss, ax. is the free-carrier loss, and omir is ML. The ML is
always one, while the other parameters are defined in equations (11) and (12) below [8]:

g = [ ALPHAA. (E(x,y))" dxdy (11)

are = [[(FCN)n + FCPp. (E(x,y))". dxdy (12)

In fact, the laser losses (LL) are ML includes free carrier absorption and phase loss, where voltage, current and OLs
contribute equally to power loss (PL) in semiconductor lasers [10]. The operating voltages of the metal-semiconductor
contact and other hetero-junction interfaces in lasers, as well as the parasitic resistances of the wire bonds, metallic layers,
and layers of semiconductors, are good reasons that contributed effectively to laser PL [33]. The threshold and leakage
currents parameters are necessary to achieve the desired active region gain, often known as the active region injection
efficiency [34]. The optical response of the composite structure in the first subsection for the InP/InGaAsP Principal mode
of the Laser diode, has been studied, where Fig.1 illustrates the light intensity (a) and the near field light intensity in the
fundamental transverse mode (b).
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Figure 1. Principal mode of InP/InGaAsP laser diode: (a) light intensity (b) near field light intensity.
4. Practical Simulation and Results

A. Comprehensive Description of Model Structure

The ATLAS simulator requires several device and material parameters to be estimated. Silvaco TCAD program was
used to deposit ten layers. Five layers are doped with InP, one layer of (InGaAsP) at the middle, and four layers of InP
from the top. The ports cathode and anode electrodes were specified as shown in Fig.2, which also shows the ND of this
structure.
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Figure 2. The structure of InP/InGaAsP laser diode with net doping.

The three-dimensional structure of this laser diode is shown in (figure 3) below, which illustrates (10x20) microns as
a width and length of the model.
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Figure 3. The 3-D structure of InP/InGaAsP laser diode.

Modelling and simulation process of the structure based on SILVACO software allowed to obtain I-V characteristic as
shown in (figure 4). It is noted that current values nears from (0.0 A) for all voltages less than (1.2 V) and after this value,
the current develops in a linear manner to (2.4 mA) as the voltage increased .The value of 1.2 V represents the laser
threshold voltage (Vth), and the positive and rapid evolution of the current through the device after this value, determines
the laser effect.
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Figure 4. [-V characteristic of InP/InGaAsP laser diode.

B. Duplication of Doping Concentration Results

For improving the performance of the laser diode and obtaining better properties, electrons and holes are doubled for

the (10 layers), thus increasing its work efficiency.

The doping concentrations were doubled for the simulated models. Firstly, doubling the doping concentration for all
(N and P) layers leaded to a maximum increase in ND concentrations, which is (15.6-18.4/cm?), as shown in Fig.5. Also,
the upper limit of the ND was obtained, which is (18.4/cm®), while maintaining its lower limits at the value (15.3/cm?).

Microns

ATLAS
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Regions | Materials
InP

InP

InP

InP
InGaAsP
184 InP

InP

InP

InP
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Net Doping {fcm3)

Microns

Table 1 explains the LP and PD for all simulated models, as it clearly shows the previously mentioned improvements
in the laser properties in terms of ND and LP, as well as PD, which are represented in green. It should be noted that
doubling the doping of the three layers (p) from the top (Case 4), gives results very close to the optimal case (3) with

Figure 5. Net doping after doubling the concentration for all (N and P) layers.

regard to PD, as it reaches (16.8*107 /cm?).
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Table 1. Net Doping, Laser Power and Photon Density for all Simulated Models.

Case Net Doping Power (mW) Vs. Spectrum Photon Density/cm? at
Sequence (lemd) Anode Current of Power | Photon Energy (1.02108 eV)
ot 9.3 at 2.4 mA/pm
original | & ical (Normal) | 15.3-18.1 As shown 9.7*107
250 6.6at1.4mA/um | Infig. (82)
Doubling: 13.9 at 2.4 mA/pm
As shown 16.5+107
Case 1 Doping (N&P) 15.6-18.4 10.6 at 1.4 mA/um | 1N fig. (8b)
Overshoot at
Case 2 Doping (N) for 15.3-18.1 2.4 mA/ pm Same as 9.8*107
all layers Typical
11.7 at 1.4 mA/pm
i 13.6 at 2.4 mA/pm
Case 3 Doping (P) for 156-18.4 Same as 17.2%107
all Iayers 10.2 at 1.4 mA/um Typlcal
Doping (P) for 12.2 at 2.4 mA/pm
Same as 17
Case 4 three upper 15.3-18.4 9.3 at 1.4 mA/um Typical 16.8*10
layers
i 8.9 at 2.4 mA/pm
Case 5 Doping (P) for 15.3-18.4 Same as 11.8%107
two upper layers 6.9 at 1.4 mA/pm Typical
i 8.6 at 2.4 mA/pm
Case 6 Doping the top 15.3-18.4 Same as 11.1%107
(P) layer 6.3 at 1.4 mA/pm Typical
Doping the 8.9 at 2.4 mA/pm
As shown
Case 7 second (P) layer 15.3-18.1 S 10.4*107
from the top 6.7 at 1.4 mA/pm in fig. (8b)
Doping the third 11.7 at 2.4 mA/pm
Same as
Case 8 (P) layer from 15.3-18.1 . 12*107
the top 8.4 at 1.4 mA/pm Typical

The output of (LP), changes with some noise but remains constant as an overall value. One of the ways to increase the
power conversion efficiency is to increase the grafting concentrations of the (LD) layers and thus increase its emission
power, which was implemented and impressive results were obtained by doubling the grafting concentrations of the
different (InP/InGaAsP (LD)) layers. Fig. 6 illustrates the Variation of laser power with anode current for different doping
layers. It is evident that cases (5,6,7) listed in table 1, have similar power levels and are very close to the original power
level of the laser diode mentioned above. This explains that the upper two layers of the diode have a slight effect on the
output laser power. Referring to Fig. 6, it can be seen the power levels began to rise gradually, starting from case (8),
passing through case (4), then case (3), and case (1), ending with case (2), which represents doubling the doping of all
(N) layers only where the highest possible power was obtained, which is (11.7 mW) at an anode current of 1.4 mA / um.
After this value, the curve will start to increase turbulently, reaches the overshoot stage. This indicates that the effective
layer is (N) layer.
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Figure 6. Variation of laser power per mirror vs. anode current for different doping layers.

One of the important parameters that laser diode designers must take into consideration and try to increase it as much
as possible, is the laser photon density (PD). Fig.7(a&b) shows spectrum of the InP /InGaAsP laser diode above threshold
value of PE (1.0175 eV) and how the PD is affected by doubling the inoculation concentration for the eight cases
mentioned in the above table, compared to the traditional model.
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Figure 7. Variation of photon density vs. photon energy
(a) for different doping layers. (b) for two cases only compared to the original model.
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Table 2 indicates a comparison of the methods used in previous researches and the results of LP they obtained, with
the distinctive result obtained in the current research, which shows the clear difference in the output power of the laser
diode where a maximum value of LP was reached (11.7 mW) at 1.4 mA/um anode current (proposed model 1) as shown
in Fig. 8(a). Also, the study achieved an impressive result in PD, reaching its maximum value (17.2*107/cm®) at PE
(1.02108 eV), which is represented by the proposed model 2 as shown in Fig. 8(b). The figures below explain a good
comparison between the proposed models and the traditional one.

Table 2. Comparison Between the Previous Researches and the Current Research

[y
[

Ref. No. The methods The results
(Laser Power)
[36] fabrication of highly uniform p-i-n core-shell InGaAs/InP single quantum well (QW) | 17 uW at wavelength
nanowire array. 1.35 and 1.55 pm
[31] Investigation using resonant and non-resonant optical cavities. 0.50 mW at 2.5 mA
Anode Current
[19] multi-quantum well VCSEL device using SILVACO-TCAD. 0.55 mW at 2.4 mA
Anode Current
[34] Fabrication of single-emitter LDs using the combination of SHEDS and JDSU | 5.00 mW at 5.0 mA
technology. Anode Current
[1] Design and simulation of LD driver circuit using NI Multisim. 8.00 mW at 35 mA
Anode Current
[35] fabrication of high-power LD using Molecular-Beam Epitaxy (MBE) and | 12.0 mW at 50 mA
Metalorganic VVapor-Phase Epitaxy (MOVPE) epitaxial growth techniques. Anode Current
The current Overshoot at 2.40
Simulation of ten-layers InP/InGaAsP laser diode using Silvaco TCAD mA/pm Anode
Research
(proposed model 1). Current and 11.70
mW at 1.4 mA/pm
12 17
—_ [ - traditional model
= =@=traditional model £
E E 15 —= proposed model 2
g 10 =@==proposed model 1 ¥
& 213
3 &
[ (1]
8 g p
o
°
K=
[-9

0
coNocoooooo R B I S g90dnNO0O0O00O0000 g5 ¢
=} - Hggﬁﬁﬁﬁﬂﬂﬁﬁ
Anode Current (mA/um) Photon Energy (eV)
(@) (b)

Figure 8. Comparison between traditional model and proposed models for: (a) laser power. (b) photon density.
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Fig. 9(a) shows the shape of a typical laser power spectrum for InP/InGaAsP diode, which is similar to the shape of
the spectrum for all cases mentioned in table 1, except two cases: doubling the inoculation concentration for all (N and
P) layers in addition to the case of doubling the DC of the second (P) layer from the top as shown in Fig.9(b).

ATLAS OVERLAY ATLAS OVERLAY
Data from multiple files Data from multiple files
2 12 1 \ 'y a, = £ A
A ‘\‘ /' ] \ “‘f‘
\ / \ /
- / 08 = AT
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§ o= =
o # | / \ / \
04 = / ) d \
= Ik / AT
|/ - y \ \
> o [ ota| > weson [ b bs L
4 serexd! g || 1 | |
=\ = \ & /
-\ \ \ e
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-l : / \
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Figure 9. Shape of: (a) A typical laser power spectrum for InP/InGaAsP diode. (b) Laser power spectrum for two cases (1&7).

With the help of Table 1 and Figures (5, 6, 7 and 9), the results obtained during this study can be mentioned in some
details. Note from the table 1, and as shown in Fig. 5, that doubling the DC for all layers (N and P), leads to a maximum
increase in ND, which is (15.6-18.4/cm?), in addition to obtaining a very high value for PD, which is (1.65*108 /cm?®) at
PE (1.02108 eV), and this is similar to the case of doubling the DC for all (P) layers only with a further increase in the
value of PD to reach its maximum, which is (17.2*107/cm®) at the same value of PE. The doubling of DC of the upper (P)
layer alone, has a clear effect in increasing the ND to (18.4/cm®), which is equivalent to the effect of two and three upper
layers of (P). In terms of PD, the result obtained when doubling the concentration of doping (P) for three upper layers is
very close to what it is in the case of doubling the concentration of doping for all (P) layers as shown by Fig. 7. As for
the effect of the rest of cases mentioned in the table, it is almost negligible, as they have close values of PD, except for
the case of doubling the concentration of doping for all (N) layers, where it has almost no effect on ND or PD, but its
effect is enormous and very effective in obtaining a maximum power value that exceeds the range seen in Fig. 6. The
effect of the rest of cases mentioned in the table on the laser power is varying, and in general, doubling the inoculation
concentrations of the layers will lead to an increase in the LP, especially in the following cases (1, 3, 4, and 8), and the
optimum case is 2 (doubling the concentration of doping for all (N) layers). The shape of spectrum of this power is similar
to the shape of the spectrum for a typical laser diode except for two cases: doubling the inoculation concentration for all
(N and P) layers in addition to the case of doubling the grafting concentration of the second (P) layer from the top, as
shown in Fig. 9 (a, b).

5. Conclusions

It was clearly and beyond doubt that the doping duplication of P-layers had greater positive influence on the density of
generated photons, than N layers, while the effect of N layer on the laser radiation ability was very clear. The highest
value of net doping was obtained between (15.6-18.4)/cm?. It was concluded that the photon density of the (InP/InGaAsP)
laser diode is directly affected by changing the doping concentration of p-layer only, as the maximum value of (17.2 *
107/cm?) at photon energy (1.02108 eV). An important parameter that was greatly affected by increasing the doping
concentration, was the laser power, where it was affected unevenly. The power spectrum of LD was significantly
improved, from (6.6 to 11.7) mW at 1.4 mA/um anode current, which leads to a reduction in light scattering when used
in long-distance communications. On the other hand, the cost of manufacturing LD will be somewhat high due to the
increased amount of impurities grafted and the number of layers used. The greatest achievement and the impressive result
are obtaining an unexpected increase in the power of the laser and its access to the overshoot stage when doubling the
activators of N-layers only. The third (P layer) from above has an obvious effect on the device power, while the two upper
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layers fluctuate in their influence between ascending and descending. The typical laser power spectrum, which is similar
to most of the cases taken in this study, has the shape of circles of different diameters, and its diameter increases as it
moves away from the center of influence.
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