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ABSTRACT— The optoelectronic achievement of a lattice matching InGaAs/InP lateral cavity surface radiating
LASER in crystal orientations (100), (110), (111), (113), and (131) is computationally simulated utilising MATLAB by
attempting to solve a k.p Hamiltonian of eight-band utilising only a finite difference strategy with spin-orbit linkage.
To shift wave-vector k as well as Hamiltonian from traditional (100) plane orientation, tensor plane revolution
equations are used. It is demonstrated that optical emission spectrum and crystal plane alignments have a significant
correlation. At a carriers injection density of 2.50 x 1018 per cm3, the maximum and minimum gains are measured in
the (111) as well as (100) orientations, respectively, with optimum emission wavelengths of 1770.00nm and
1680.00nm. This research will serve as a catalyst for the development of ultra-fast optoelectronic devices with
improved performance thanks to the use of non-100 orientation epitaxial layers.
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1. INTRODUCTION

Due to their controllable energy band-gap, strong electron mobility, improved exaction-binding energies throughout
quantum wells (QW), as well as much lower appearance of piezoelectric (PZ) regions and associated quantum
confinement stark effect (QCSE), I11-V semiconductor zinc blende (ZB) trio but instead alloys containing quaternary
elements were used thoroughly for higher efficiency applications in optoelectronics such as laser diodes and LED along
with for electronic mode of transportation [1]. Near-infrared (NIR) lasers with an active area formed of 111(Al,Ga,In)-
V(P,As,Sh,N) ZB composite alloys but also oscillating at around 1.50 ~ 2.00 um wavelength have piqued interest
because of their wide range of applications throughout healthcare science (eye surgery), LIDAR (light detection and
ranging), gas (CO2/NOx) suspecting, optical communications, hyper-spectral image analysis, and security[2—4].
According to recent research, 2.0 um laser emission is beneficial for accurate surgery in Urology, Gynecology, and
Neurology [5,6]. Antimonite semiconductor lasers were shown amongst 2.0 um and 3.3 um, however because of the
strong miscibility gap and slow recombination, attaining high power has proven difficult [7-9]. conversely, the
InGaAs/InP system's mature fabrication technique and strong thermal conductivity enable it acceptable for single phase
lasing emissions in the 2.0 — 2.5 um wavelength spectrum [10-12].

It is generally known that lasers' optical gain as well as threshold current profile could be enhanced by adding a
compressively stretched QW inside the active site [13]. Crystal orientation affects the dispersion of energy bands of
fracturing strained QW, specifically the energy gap between the valance sub-bands, which results to variations in states
density and efficient mass of an electron [14]. Even though (100)-oriented progress produces good crystalline reliability
QWs and PZfield has no effect on with the strain values that same orientation indicated, performance in quantum but
instead optical gain are perceived as being reduced, owing to the lower charge carriers' transition capability amongst the
conduction band as well as the valence band at the gamma (T')-point, which is partly because of minimized energy
partitioning amongst valence sub-bands [15]. Lasing emission is largely determined by gaps in energy bands including
curvature of band at the -point. Crystal orientation is an important parameter to adjust the optoelectronic properties and
electrical spectra of a straining ZB QW laser in addition to improve its efficiency [14,15]. The latest fabrication methods,
MOCVD (Metal-Organic Chemical VVapor Deposition) and MBE (Molecular BeamEpitaxy), propose crystal formation in
an unconventional orientation. For the first time, optical anisotropy throughout ZB type-I1(110)-oriented GaAsSh/GaAs
was examined using efficient mass theory [16]. The impact of substrate orientations on formation of InSh nanostructures
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were established in a study by Chou [17]. Only a few studies have been done on the orientation-centered optoelectronic
features of cubic ZB I1I-N as well as 111-V-N QWs. [18] has reported the dispersion of energy band profiles of
GaAsBi/GaAs and InGaAsN/GaAs QWs developed on distinct (hhl)-oriented QWSs. The structural and electrical features
of cubic BN/GaN as well as AIN/GaN super lattices produced in various crystallographic orientations have been studied
analytically [19,20]. A comprehensively constrained cubic InGaN QW blue-violet laser as well as an InGaP/GaP QW red
laser have indeed undergone crystal orientation-focused optoelectronic investigation [21,22]. Furthermore, little research
was done on the critical features of ZB IlI-V QW structure that are reliant on crystal orientations. Anisotropy,
piezoelectricity, and crystalline structure have all been examined as influences on phonon acoustics oscillations in
GaAs/AlAs superlattices including GaAs QW slabs [23,24]. They described a generic numerical approach for
determining photoelastic factors in (hkl)- orientated cubic crystal structures [25]. PZ fild-focused energy band structural
properties and optical gain characteristic of (111)-oriented AlGalnAs/InP multi-QW structure for NIR laser application
domains are demonstrated and examined using a self-optimizing genetic algorithm technique [26], which probably holds
a lot of promise to selectas an alternate solution active area for highly efficient NIR lasers. It would have been
fascinating to explore how such an InGaAs/InP QW laser architecture produced along the (hkl) crystal orientation
outperforms a normal (100)-dependent crystalline structure in just this regard. For NIR InGaAs/InP QW lasers,
orientation-focused light emitting spectra and subsequent outcome energy and frequency response situations were not
thoroughly investigated.
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Figure 1: NIR laser architecture of InGaAs-InP laser [27]

The lasing power as well as the steady-state frequency responsiveness of a 1.60% collation strained
IN0.74Ga0.26AS/A10.15Gaos2 InossAs NIR laser in indeterminate (hkl) crystal alignments have been determined via
theoretical modelling utilising an 8-band k.p matrix. The rotation of Euler's tensor approach is used to convert
Hamiltonian's eight bands using (100) crystal alignments to acquire the prominent attributes in non-conventional
crystalline orientations. Again, for suggested laser structure, finite differences are used to calculate the Eigen energies
but also wave functions of the valence and conduction bands. The emission spectra are calculated using electron
transition probability and wave functions. An identical model circuit is constructed in MATLAB utilizing laser rate
formulas with three levels to obtain output power vs. injected current features. In the MATLAB environment, the
frequency response is calculated using a bode plot. At 300 K, the results described here were obtained.

2. RESOURCES AND COMPUTATIONAL PARTICULARS

2.1 LASER Structure

Figure 2 shows a laser system with a 10nm Ingss Gagsr As effective layer linked by 7nm InP barrier layers and a
projecting layer of wide bandgap GalnAsP. As reflectors, two Aios Gaos2 Ings3 As/ InP DBRs with a mean reflectance
of 99.50% are utilized. The GaAs substrate is used to grow all of the layers. The h, k, and | components of the active area
are modified in a non-orthodox (hkl)-oriented laser architecture. As just a function of material constitution, the energy
gap, Eq for such a well plus barrier, is provided by [29]:

E;(In,Ga;_4As) = (1 — x)E§**(T) + xEJ**(T) — 0.58x(1 — x) €))
Ey(Al,GayIny_,_yAs) = xE{™S (T) + yEG*4S(T) + (1—x— y)EMS(T)  (2)
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In “(1)” and “(2)”, Eg*(T), Ej™<(T) and EJ'#(T) regarding GaAs, InAs, and AlAs epi layers, characterise the
semiempirical non-linear relationship of band gaps upon temperature T (band gap shrinking (BGS)). Equation "(3)"
describes this temperature dependence. [30].

— _ -y | xf=* m ram\2 | ram\?
E, = E,(T = 0K) — {&p {%_1+1(J1+?(@fp) +(5) —1)] @3)

Where, (= Coefficient of bandgap temperature, y = phonon dispersal degree and ®p = phonon temperature.
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Figure 2: InGaAs/InP lattice-matched architecture [28]

2.2 Optical Gain and Crystal Orientation-Dependent Energy Band Schematic

An 8 x 8 kep perturbations matrix is used to calculate energy band of the laser structure's schematic. The crystal
orientation (1 0 0) adjusted Kane 8 x 8 matrix is provided by [31]:

An 8 x 8 kep perturbation matrix is used to analyze the laser structure's energy band schematic. [31] gives the updated
Kane 8 x 8 matrices for crystallographic orientation (1 0 0):

Parameters

h_planck=6.62606896e-34; %% Planck constant [J.s]
hbar=h_planck/(2*pi); %% reduced plancks constant
e=1.602176487E-19; %% charge de | electron [Coulomb]
m0=9.10938188E-31; %% electron mass [kg]
HO=hbar"2/(2*m0);

gc = 1+2*F;

Calculation of Matrix element
B =0;

A =Ec + gc*HO * (kx."2 + ky."2 + kz."2);

U =sqrt(1/3) * PO * kz;

V = sqrt(1/6) * PO * (kx - 1i*ky);

W = 1i*sqrt(1/3)*B * kx*ky;

T =sgrt(1/6)*B * kz*( kx + li*ky);

P = -y1*HO * (kx.2 + ky."2 + kz."2);

Q = -y2*HO *(kx"2 + ky”2 - 2*kz"2);

R = -HO * sqrt(3)*(y2*(kx"2-ky"2)-2i*ys*kx*ky );

S = HO *2*sqrt(3)*ys*(kx-1li*ky)*kz;

Hdiag = [A A P-Q P+Q P+Q P-Q -delta+P -delta+P]; % Hamiltonian diagonal element
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H=H'+H+diag(Hdiag); %H'is H_transpose

PO is the interaction amongst the conduction as well as valence bands, Ec & Ev are really (unstrained) conduction as well
as valence band energies, yi’s are updated Luttinger parameters, and Ec & Ev are really the (unstrained) conduction
& valence band energies, correspondingly. Through diagonalizing the Hamiltonian and to use a quantitative finite
difference technique, the energy dispersion profile across (100) orientation is illustrated as a function of k for such 8-
band k.p hypothesis. PO denotes the coupling amongst the conduction as well as valence bands, Ec and Ev denote the
(unstrained) conduction plus valence band energies systematically, A is split of the spin orbit and yi’s denotes the
modified Luttinger parameters, A is the separation of the spin orbit, the Ec and Ev denote the (unstrained) conduction and
valence band energies, correspondingly. By diagonalizing the Hamiltonian employing a quantitative finite difference
technique, the energy dispersion characteristic along (100) orientation again for 8-band k.p theory is depicted as a
function of k.

2.3 Wave Vector Dependent on Crystal Orientation
The wave vectors over (100) crystal could be predicted by the given formula if the operative channel is developed on
(hkl) crystalline orientation [32]:

kl kx
k2 | = o, ky
k3 kz

The rotation matrix's formulation is as shown in [33]:
cosfcosp —sing sinfcosp
0p = cosfsing cosg sinfsing
—sing 0 cos@

TETRD)
Where 6 = tan™?! (@) and ¢ = tan™! (g)

The Hamiltonian matrix with (100) crystallographic orientation could be constructed using the wave vector mostly in
(100) crystal orientation, as shown in Matrix H. The simple formula could then be used to enumerate the Hamiltonian
matrix in orientations:

Hhki — UH{lOG]U*

Where U = R(6)R(¢)

The rotations that convert the (100) oriented valence band Hamiltonian towards the arbitrary crystal oriented Hamiltonian
matrix have been denoted by and in this formulation. The arguments of could be defined as follows:
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©) V3a? 2a*{—{3 a®—2a%0 3427
¢ V3ad? V3a?( a3
a= cosg and { = —Sing
eiC/2)e P 0 0
[ o eie 0 0
R(6) = 0 0 eiMde 0
0 0 0 e iCle

2.4 Optical Gain
The optical gain of a quantum well architecture as a function of energy could be estimated by [34]:

2q4%h - ke My (ke )T/ (27)
E) = . n_ fmyJl
9E) = resongis " Znm (Ben Uet)~Bicpm (k) =)’ +(r/2m)? Ve =fdke &)

In strained quantum well architects, q stands for free electron charge, r lowered Planck constant, €0 just like free space
dielectric constant, n like index of refraction, ¢ as speed of light, Ecnas the nth conduction sub-bands, E as photon

energy, E kpmas the mth valence sub-bands, and M nm as momentum matrix element. The photon relaxation time is
equal tol' = 2; The Fermi levels of conduction as well as valence band are Fc, Fvar. The transition's momentum matrix
element could be expressed as

3 1
My (k) =2 [(# =00 1950V + 3 (Priee=0) 950 V| M3 (5)
(Priee=0)l9m”) = [, Patie=0) @ g1y (2)dz (6)
The bulk averaged crystal momentum matrix (Eg=band gap and A = split-off band separation) is denoted by Mb:
_(mo ) moEg(Eg+h)
My =(Fe-1) “6(5,+22) "

3. RESULTS AND DISCUSSION

The simulation was performed at ambient temperature in a MATLAB software. Figure 3 (a)-(e) shows the valence
band dispersion curves during the first Brillouin zone observed in crystal orientations (100), (110), (111), (113), and
(131), whereby HH, LH, SH, but also CB denote heavy hole, light hole, spin-orbit split off hole bands, with conduction
band, respectively. These figures are presented with relation to the wave vector at about the identical scale to evaluate the
orientation dependent energy. The rising conduction and spin-orbit splitted band couplings present considerable
anisotropy of uppermost valence band structure across (110) but also (111) orientations with values of k#0 (plain
direction wave vector). The authorized shift from conduction band (C) to HH causes lasing activity. Certain transitions,
including such intra-subband transitions, are prohibited because they lower the laser's gain. The transition probability
amongst HH and LH is the largest among intra-subbands, but it decreases as the energy separation amongst them
increases.

Figure 3 shows the dispersion of energy bands profiles (E-k graph) for crystal orientations (100), (110), (111), (113),
and (131) calculated to use a Hamiltonian matrix with eight bands having spin—orbit interactions and presented with the
identical scale on the X and Y axes. Since efficient mass of an electron is essentially isotropic and also electrons have a
spherical shape symmetrical Eigen-function, the conduction band (CB) is considered to be parabolic all through
computation. As shown in Figure 3, the topmost valence band profiles along nonconventional crystal orientations reveals
substantial asymmetries due to the strong interaction amongst conduction and three-valence sub-bands. It’s well
acknowledged that -valley energy splitting in the E-k diagram plays a significant role in laser light emission. For
generating spectrum of optical gain, CB-heavy hole (HH) and HH light hole (LH) bands have different energy dispersion
now at band boundaries (k = 0) is determined and presented in given Table 1 with relation to the crystal growth angles
with reference to the primitive z-axis. CB and HH have the maximum and minimum energy splittings of 0.6170 eV and
0.5440 eV, respectfully, for crystal orientations (113) and (111). Based on the highest energy spacing of 0.3600 eV
amongst HH and LH, the valence inter-bands bonding is observed to be lowest for (1 1 1). By this distinguishing feature,
the optoelectronic effectiveness of NIR InGaAs/InP lasers along the (111) growth plane is projected to outperform
ordinary (100) crystals in terms of optical gain with output power. It has been discovered that energy gap among both
HH and LH for (111) orientation, causing variations in m*, mass of an electron and hole, changing the uppermost curve
of valence sub-bands as well as the emission profile. The energy gap between the C-HH and HHLH bands is estimated
from the energy band dispersion to describe wavelength dependency of maximal emission wavelength. With crystal
plane orientations, the energy difference amongst conduction band minimum and valence band maximum changes. For
this laser, the intra-band blending impact is negligible in (111) orientation, as shown in table 1. The construction of (110)
orientated VCSEL is a significant potential due to the facile MOVPE growth.
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Table 1: Separation of energy based on orientation

Crystal Orientation C-HH (ev) CB-HH (ev) HH-LH (ev)
100 0.738 0.560 0.03
110 0.794 0.601 0.17
111 0.702 0.544 0.20
113 0.782 0.617 0.10
131 0.714 0.582 0.07
5 Valance band dispersion profile of100 5 Valance band dispersion profile of110
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Figure 3: (a). Valence band dispersal pattern of 100 orientated InGaAs/InP Laser, (b). Valence band dispersal pattern of
110 orientated InGaAs/InP Laser, (c). Valence band dispersal pattern of 111 orientated InGaAs/InP Laser, (d). Valence
band dispersal pattern of 113 orientated InGaAs/InP Laser, (€). Valence band dispersal pattern of 131 orientated

The elements of the momentum matrix that really are depending on overlapped wave functions of electron - hole pairs
can disclose the orientation dependant peak gain. Figure 4 depicts that transition probability is highest in the (111)
orientation and lowest in the (113) and (131) orientations. The enhanced outcome is due to the lowest band gap with
minimal intra-band interactions (111). We estimated the optical gain spectra in several crystals orientations employing
Eqg. (4), as seen in Figure 5, and found that the estimated gains in (100), (110), (113), and (131) orientations are 3800 cm’
1, 4600 cm't, 5400 cm?, 5000 cmt, and 4000 cm?, respectfully. The largest gain is found in the (111) crystal orientation,
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whereas the lowest gain is found in the (100) crystal orientation. Because of the small band mixing impact and higher
transition probability, the maximum gain is attained in the (111) crystalline orientation. Lowest gain is obtained in (100)
crystal orientation for this comparable issue. The highest emission wavelengths for (100), (110), (111), (113), and (131)
crystalline orientations are 1.52m, 1.53m, 1.48m, 1.49m, and 1.47m, respectively. With a variation in plane orientation
from (100) towards (110), maximal emission spectra () could be altered from 1680.0 nm through 1770.0 nm (111). The
energy differential between the C to HH bands is what causes tuning. Furthermore, C-HH band gap is 0.7940 eV in
(111), indicating a wavelength of lasing emission of 1.55m that meets the minimal chromatic dispersal limit of OFC. The
use of a laser system results in exceptional performance. In addition, the laser produces at 1550nm in (110) directed
growth.

Momentummatrix elementin different crystal orientation Ori PR dent optical emission profile
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26 13 5000 3 e—1m
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Figure 4: Various crystal orientations Figure 5: Orientation reliant optical
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4. CONCLUSIONS

The conceptual results show how the energy band dispersion pattern of the conduction and valence bands varies with
crystallographic orientation. In the (111) orientation, larger splitting amongst both the heavier hole and lighter hole bands
is observed because too little contact from the distant band. The highest optical gain is determined as 5400 cm-1 since the
highest values of the momentum component is also tested in this direction. The optimum emission wavelength could be
adjusted between 1680 and 1770 nm by altering crystal orientation from (100) to (111). This is the outcome of the (111)
and (110)-oriented studies. InGaAs/InP VCSE QW Laser is promising material for fabricating devices for high-speed
optoelectronics in optical fiber communication minimal dispersion band. The 1-D Schrodinger formulas for conduction
as well as valence bands are computed by discretization with finite elements of such a k.p Hamiltonian matrix with eight
bands in addition to study electronic band structures in different orientation. For rotational a (100)-oriented Hamiltonian
into another orientation, Euler's tensor rotation equation is used. Crystal orientation affects the energy gap between the
conduction as well as valence sub bands. Due to the obvious lowest heavier hole effectual mass, less influence of interior
piezoelectric polarization region, and quickest transitioning of charge carriers amongst conduction and valence bands, the
(111) crystalline orientation achieves lowest cutoff current and optimal optical power output. Furthermore, as function of
crystalline angles and quantum constriction stark impact, The maximum emission wavelengths and optical gain
parameters variation. In addition, the frequency responsiveness of the (111)-oriented InGaAs/InP quantum well laser
suggests that it could be a promising alternative for high-speed but also near-infrared optoelectronics with improved
performance uses.
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