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Simulation study of laser diode based GalnP/AlGalnP structure
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In this work, we investigate the energy levels and optimization of intrinsic parameters (such as number and width of wells, potential barrier
width, refractive index, etc.) and extrinsic parameters (including temperature and pressure) in a laser diode based on the GalnP/AlGalnF
structure. The computational techniques employed include the pseudo-empirical potential method to determine the electronic band structure
and a graphical method for optimization. Our results are consistent with experimental and theoretical results.
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1. Introduction lasers (SDLs) [3], red lasers [4], microdisk lasers for bio-
photonics applications [5], red light-emitting diodes [6], and

AlGalnP laser diodes (LDs) are used in a variety of digitaljgser diodes [7], among others.In this paper, we report a

equipment, such as MO/CD/DVD optical pickup units, lasersydy of the energy levels and the optimization of intrin-

printers and barcode scanners [1]. AlGalnP is a quaternanyic and extrinsic parameters in a laser diode based on the
alloy and involves three binary compounds: GaP, InP angsgnp/AlGalnP structure.

AlP.
The active material for visible light-emitting diodes ) .
(LEDs) has long been nitrogen-doped GaP. We shall oniy?- Results and Discussions
take into consideration GaP as the sole indirect-gap sem'E 1. Adjustment of the Form Factors of the Three Bi-
conductor (with X—L¥ ordering of the conduction-band nary Elements
minima) that is devoid of Al.
Since it is the substrate for the majority of optoelectronicThe form factors (symmetrical and anti-symmetrical) of the
devices operating at the 1.56m communications wave- yarious binary compounds (GaP, InP, and AIP) to which the
length, InP is a direct-gap semiconductor of significant techyyaternary compound AlGalnP refers are adjusted bz the
nological importance. Among Ill-V compound semicon- jyst program, based on the nonlinear least-squares method.
ductors, AP is undoubtedly the most “exotic” and least re-Tne injected parameters are iteratively optimized until the

searched because of its large direct band gap. mean square root of the variation (RMS) is minimized. Ta-
Among non-nitride 1lI-V semiconductors, the GalnP al- pje | illustrates the different types of parameters.

loy exhibits some of the largest direct band gaps. Addi-
tionally, Gay51Inp.49P (E, = 1.9 eV at 300 K) is lattice- 2.2, Electronic Band Structure of the Two Binary Com-

matched to GaAs, making it a desirable material for wide- pounds
band-gap GaAs-based quantum-well devices such as red
diode lasers [2]. The energy band structures in wave vector spack fesult-

Extensive studies have been performed oning from the data presented in Table Il, for the three binary
GalnP/AlGalnP structures, including semiconductor diskcompounds GaP, InP and AIP are shown in Fig 1.

TABLE |. Form factors and lattice constants of the binary compounds.

Materials Form Factors Lattice / Lattice
V?(3) V*(8) Ve(11) Ve(3) Ve(4) Ve(il) constantA constant{.a)

GaP -0.211024 0.030000 0.072296 0.132573 0.070000 0.020000 5.451 10.30103

InP -0.213877 0.000000 0.075010 0.088777 0.060000 0.030000 5.869 10.090953

AP -0.202663 0.040000 0.080000 0.133288 0.0880571 0.015000 5.450 10.3009
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FIGURE 1. Structures of energy bands of GaP, InP and AIP.

TABLE Il. Comparison of calculated and experimental energy gaps for the three binary compounds.

Energy Gaps (eV)
Materials E; EX ‘ EL
Exp, or other Our Exp, or Our Exp, or Our
theoretical work Simulation another work Simulation another work Simulation
GaP 2.79%) 2.77968 2.27% 2.25924 2.70% 2.59957
InP 1.34% 1.34387 2.20% 2.19608 2.04% 2.04482
AlP 3.619 3.57380 2.31¢ 2.3095 3.12% 3.12952
a) [5]. ) [9]. © [10].
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FIGURE 2. Structures of energy bands of 8 1n¢.49P, Aly.511N0.49P, Aly.51G&y.49P.

2.3. Electron band structure of the three ternary com- o
pounds with disorder % 22
[a W)
Figure 2 illustrates the energy band structures calculated us- .
ing (EPM) of the three ternary compound§ia,In;_,P, 3 18
Al In;_,P andAl,Ga,_,P, taking into account composi- < 1.6 | g
tional disorder (but not volume disorder) for= 0.51. ; 14
Figure 3 illustrates the variations in energy gapsr, Ci 9
Erx and Ery, for Ga,In;_,P for differentz concentration T
from there . In this context, whereis the tuning param- & ! i
eter that is deliberately varied, (while setting the composi- 0.8 ‘ ‘
tion z to a specific valueeach time), until the parameters of LR T L

theGa,In; _, P ternary compound curve approximate exper-
imental results and other theoretical calculations. Two value§IGURE 3. Gaps Galn;_,P according tar.
of the tuning parameter were considered:
The results the calculation oh the variation of the gap
e p = 0, corresponding to the traditional Virtual Crystal Err according to the concentratian.
Approximation (VCA).
The calculations of the different energy gap@( EX,
* p = 0.65, corresponding to the improved VCA model. and EL) by EPM (not taking into account the disorder ef-
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TABLE IIl. Energy gapsEy, E; . E} of GayIni_,P with z
(0<z<1).

Materials Energy Gaps (eV)

Ga,In; P Ey EX Ef
x=0.15 0.97230 0.92587 1.27417
x=0.30 1.15682 1.08416 1.42010
x =045 1.39213 1.27360 1.60079
z = 0.60 1.66644 1.48400 1.80635
x=0.75 1.98112 1.71778 2.03737
z=0.90 2.35735 1.98351 2.30736

TABLE IV. Energy gapstl, B and E} of Al In;_,P with z
0<z<l).

Materials Energy Gaps (eV)

AlzIn;_,P E; EX EL
x=0.15 0.949042 0.92831 1.25342
x =0.30 1.21408 1.08594 1.47164
x=0.45 1.55345 1.2798 1.74500
x = 0.60 1.94812 1.49742 2.06038
x=0.75 2.39955 1.73705 2.41441
z =0.90 2.93780 2.01676 2.82808

TABLE V. Energy gapst;, E; and EL of Al,Ga,_,P with z
0<z<1).

Materials Energy Gaps (eV)

Al.Ga _,P EY Ef Ef
x=0.15 2.75683 2.25742 2.57957
x =0.30 2.83614 2.26369 2.64906
x =045 2.93908 2.27138 2.73962
z = 0.60 3.05895 2.28026 2.84548
x=0.75 3.19587 2.28865 2.96695
x =0.90 3.35887 2.29798 3.11253

fect), for different gallium concentrationd < z < 1
of the three ternary alloysGa,In;_,P, Al,In;_,P, and

Al,Ga,_,P are given in Tables lll, IV and V.

2.4. Electronic Band Structure of the Three Ternaries

with Disorder
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FIGURE 4. Energy band structures: g Ing.49P, Aly.511ng.49P
and Ab 51 Gay.49P.

of the valence band is at the poihtthat the conduction
band minimum is also located &. The ternary alloys
Gay.511n9.49P and Al 511ng.49P are at direct garr.

In Fig. 4c), where the valence band maximum is at point
I' and the conduction band minimum is at point the con-
duction band minimum is at poirt, the ternary AlGa; P
alloy is at indirect gafEry,.

Figure 4 illustrates the EPM energy band structures of the Figure 5 illustrates, respectively, the variations in the en-

three ternaries : Gdn;__P, Al,In;_,P and Al,Ga, _,.P, tak-

ergy gapst}, EX, andE’ for Ga,In,_.P, Al.In;_.P, and

ing into account compositional disorder (but not the bulk dis-Al ,Ga; _,,P for differentz concentrations.

order) forz = 0.51.

Polynomial interpolation of the curves representing vari-

In Fig. 4a) and 4b), the valence band maximum is the zerations in gaps as a function of concentratignwhich gives
energy reference. These two figures show that the maximumise to leading to Eqgs. (1)—(9) below:
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FIGURE 5. Gaps of Galn;—.P, Al.In;_.P and Al.Ga, _..P as a function of.

for Ga,In;_,P

E} =0.834 4 0.773z + 1.0172”. (1)
E () = 0.790 + 0.817x + 0.6532>. (2)
E}(x) = 1.155 — 0.691z + 0.651z>. (3)
for Al In;_,P
E} =0.746 + 1.134x + 1.4402°. (4)
EX =0.795 + 0.788z + 0.6302°. (5)
E} =1.076 + 1.018z + 1.0282°. (6)
for Al ,Ga,_,P
E} =2.695+ 0.339z + 0.4392°. (7
E; =2.25040.03z 4 0.0142. (8)
El = 2527+ 0.289z + 0.4002. 9)

wherep is the tuning parameter which is deliberately varied

(each time setting the compositiarto a precise value) until
the curvature parameters of the ®a P sent ternary are

TaBLE VI. Energy gapErr as a function ofc for classic VCA
(p = 0): GayIn1_,P.

T 0.31
Err 1.538

0.91
2.603

0.76
2.374

0.68
2.197

0.52
1.912

0.49
1.895

TaBLE VII. Energy gapErr as a function of: for improved VCA
(p = 0.65): Ga,In;_,P.

T 0.31 0.49
Err 1042 1354

0.76
1.922

0.91
2.283

0.68
1.690

0.52
1.372

TaBLE VIII. Energy gapErr as a function of: forimproved VCA
(p = 0.36): Ga,Iny_,P.

T 0.31 0.49
Err 1265 1597

0.91
2.425

0.76
2.125

0.52
1.612

0.68
1.916

close, with reference to experimental and other theoretical
calculations. We have taken= 0 (traditional VCA), and
p = 0.65, p = 0.36 (improved VCA), the results of the cal-
culation of theE_g gap variation with a concentrationare
shown in Tables VI, VII and VIII.

The gap variations with a concentratiorior the 2 types
of VCA (conventional and improved), for G, _, P with-
out taking into account the volume effect.

After recording theErr gap, we plotted its variation as
a function of concentration to determine its equation by
polynomial interpolation, fit the curves, and thus deduce the
curvature parameters Figure 6 shows the representative
curves of Err gap variation withe fraction for the 2 cases
of VCA (conventional and improved) for G, _,P, poly-
nomial interpolation of the representative curved®pt gap
variation witha gave the following polynomial equations:

For classic VCA = 0):

FErr = 0.999 4 1.803z + 0.0222>. (10)
For the improved VCA§ = 0.65):

Err = 0.787 + 0.461x + 1.32822. (11)
For the improved VCA% = 0.36):

FErr = 0.882 4 1.059z + 0.72522. (12)

E

50 as a function of x
‘ ‘

05 06 07 08 09

Mole fraction x
FIGURE 6. Gap versug curvesErr: conventional and improved
VCA, for Ga,In;_.P.
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SIMULATION STUDY OF LASER DIODE BASED GalnP/ALGalnP STRUCTURE 5

ferent concentration8 < y < 0.4 of the quaternary alloys

TABLE XIX. Compares the calculated and measukgg¢ curva- Aly 5Gaylng 5, P are given in Table X.

ture parameters of Gén; _.P. Figure 8 shows the respective variations in energy gaps

for Al 5Gaylng 5, P, for differenty concentrations.
Polynomial interpolation of the curves representing vari-

ations in gaps as a function of concentratigrwhich gives

rise to the following equations,

Our curvature parameter calculated by: Result of other works
EPM and VCA classicg{=0) : —0.022 —0.07¢

EPM and VCA enhanceg0.65) : 1.328 -

EPM and VCA enhance&0.36) : 0.725  0.72¢ (p=0.22)

d[11]. E} =0.771 + 4.988y + 0.383y°, (13)
X 2

TheseE(z) equations are of the form + bx + ca?, Eg =0.879 +2.945y + 0.383y7, (14)

where ¢ represents the curvature parameter of,Ga_,P. EgL — 1.409 + 3.395y + 0.258y2. (15)

Table XIX compares the calculated and measutgd cur-
vature parameters of Gk, _,P, clearly showing that for
p = 0.36 Eq. (12), the Galn,_,P gap is one curvature pa-
rameter and close to the experimental.

We conclude that the improved VCA used to calculate
the gap curvature parameter of Ga& P gives good results
that are in almost total agreement with those obtained from
experiment, which is not the case with the classical VCA,
which does not faithfully reflect the results of these parame-
ters.

Figure 7 illustrates the energy band structure by EPM of Optimization of intrinsic and extrinsic physical parame-
Al,Ga,ln;_,_,P taking into account no compositional dis- ters of structures Gan, _,P/AlGalnP.
order (but not volume disorder) fgr= 0.3.

Calculations of the different energy gaps;(, £, E5) 2.6, Optimization using the graphical method
by EPM (not taking into account the disorder effect) for dif-

2.6.1. Mesh mismatches and well constraints

2.5. Electronic band structure of Al,Ga,ln;_,_,P
without orders

Al (Ga,In, ,P without disorder, without volume effect
s Based on the matching condition between the materials of the
e active layers in the Gdn; _, P quantum-well laser structure
Fa e on the AlGalnP substrate, illustrated in Fig. 9, the evolution
> \\ of Aa/apcanp (quantifying the constraint in %) with the gal-
s i v \/ ///’ lium (Ga) concentration for the Gin, P structure is such
F A N/ that:
T . % y
P — Aa _ —0.4182z +0.243 (16)
IR / M TN aAIGainP 5.626 ’
of Ga,In;_,P/Alg 33Gay.211Ng 41 P.
¢ 0 2:} 4:] 6‘0 8:) lOIO
Wave vector Ga,Iny_,P/AlGaInP x : 0 at 1 xtick
FIGURE 7. Energy band structures: AiGa 3Ing 2P. 5.9
_ o — f(2)
3, Direct and indirect energy gap 5.8 :
Z 5 5.7
=
= 21 S 5.6
@)
b>5 5.5
g 1 5.4 ‘
~ ‘ 0 0.2 04 0.6 0.8 1
‘ X
0 0.1 0.2 0.3 0.4 .
y Mole fraction x
FIGURE 8. Gaps of Ab 5Ga,Ing 5, P as a function of. FIGURE 9. GalnP on AlGalnP matching condition.
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TABLE X. Energy gapsZ,, E.X, EX as a function of concentratian Alg.5GayIng.5—P.

Y 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Eg 0.7723 1.0209 1.2676 1.5121 1.7548 1.9955 2.2344 24712 2.7062
E;( 0.8794 1.0261 1.1715 1.3156 1.4584 1.5999 1.7400 1.8788 2.0162
EgL 1.4103 1.5785 1.7435 1.9052 2.0636 2.2187 2.3704 2.5189 2.6640
G(l;pln]_;rP/AZOAggGa()_Q][’ILQ'MP xtick s AL2)
. 43 i
= 604.88 ) i
p= El
g 4.2 =
3 §04.57 -
& g
2 41 =
: 604.87 |
2 4 | | |
0 05 1 15 2 25 3 35 4 00456 i : 10 5 20
z 12 B
Mole fraction x FIGURE 11. Wavelength variation as a function of well width for
FIGURE 10. Aa/aacane as a function of: (Ga,In;, _,P). gallium concentrations in the active layer.
600
2.6.2. Wave length A(T)
We will calculate the wavelength emitted by the diode us- 59 L.=9nm
ing the ternary Ggn;_.P as an active layer (far = 0.5), g

and the quaternary Ak1Gay 211Ny 4P as a barrier. We also B,
study the influence of temperature on the emission wave- ﬁ 580
length for a given well width.

g

570

ve len

Na

a) Wavelength as a function of well width
A quantum-well laser is obtained when the active region has = 560
a dimension of less th&d nm (the well width) [10].
We have the following equation, which gives the wave- .

length as a function of the quantum well width.({ [9]: 550 ‘

194 100 200 300 400 500

)\n = (um), (17) T
Eg + Een + Eun Temperature (K)

E., and E,,, are given by the following approximate equa-

tions, FIGURE 12. Wavelength variation as a function of temperature.
E (n+1) I (18)
cn =\ T 71
V2m. L ,
b) Wavelength as a function of temperature
E,,=Mn+1) i (29)
o V2m, L

Since temperature affects the energy gap, it also has an in-
Figure 11 shows that the wavelength increases with théuence on wavelength. To study this influence, we use the

width of the well. This increase is very rapid at first, then VARSHNI model.

becomes slower and slower, until it reaches zero. Thus, when Figure 12 shows that wavelength decreases significantly

the well width increases from 9 to 10 nm, the wavelength in-with temperature. When the temperature rises from 100 to

creases by only 0.25%. So a well width of 9 nm can be used00 K, the wavelength decreases by only 2.45%, so the influ-

satisfactorily for a wavelength greater than 604 nm. ence of temperature is remarkable.

Rev. Mex. Fis72051005
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AlgsyGagoIngssP: B,=2.42 ¢V n=2.54 Lz=9 nm: T=300 K
| | |
—g(x)
—|: l
GagslugsP:  E,=2.05 ¢V; n=2.68 g8
5 0.5
FIGURE 13. Represents the structure with their gap and refractive ¢
index. =
102 =
T —0.5 T T T
r --- 0 2 4 6 8 10
0 h(x) g
% / Carrier density n (10" cm™)
S 4+ Pt
- I FIGURE 15. Change of maximum gain with an injection.
s 3 - g
= L n=8 x 10" ecm™3: T =300 K
'E - [ 3 T T
£ 9 st = --- f(x)
(S _aa=’ T 400 ]
] S | < 300
5 6 7 8 9 10 g
T a0 200 2
Active area width (nm) = ol
FIGURE 14. Change of the confinement factor as a function of the :é 0 ,’l
width of the active zone. =
—100 L+ : |
0 5 10 15 20
2.6.3. 2.6.3 Containment factdr X

will width (nm)
We will calculate the confinement factor for the quantum well
structure. We will use th€&ag 5Ing 5P ternary as an active FIGURE 16. Change of maximum gain with a well width.
layer and theAly 31 Gag.21Ing 4P quaternary as a barrier for A
the following structure (Fig. 13). Lz=9 nm: n=8 x 10! cm™3
0.5 : ‘

a) Confinement factor as a function of well width —9(@)

)

1

Figure 14 shows that the confinement factor of a quantum Z
well threshold structure increases with the well width.

We also note a weak growth of the confinement factor
with the aluminum content in the barrier. Note that all the
values of the confinement factor are low (max 4% for 10 nm).

L

0.45 r

0.4

1muin gé‘till

Max

2.6.4. Gain maximal

. L . . 0. ‘
The maximum gain will be studied as a function of several 280 3(‘]0 320 340
parameters such as well width, carrier density, temperature, &

wavelength for the previous structure (Fig. 13). Temperature (K)

a) Maximum gain with a carrier density FIGURE 17. Change of maximum gain with a temperature.
The gain increases with the carrier density (Fig. 15). Noteequal t02.858 x 10'® cm~3, which is the transparency den-

that the gain becomes positive and increases from a densigity. Remember that transparency density corresponds to zero
gain.

Rev. Mex. Fis72051005



8 L. ABDELALLI, Z. ABED, AND A. BOUGUENNA

b) Maximum gain as a function of well width the study of the maximum gain, we have found the optimal
values relating this maximum gain to the well width. We have
Max gain increases with well width (Fig. 16). From a well 550 studied the change of the maximum gain with the current
width equal to 1 nm, this gain is positive. density. The maximum gain also depends on the temperature.
Finally, this theoretical study allowed us to determine the op-

¢) Maximum gain as a function of temperature timal values for a GalnP/AlGalnP -based quantum well laser.

Figure 17 shows that temperature has a slight but negative _ o
influence on the maximum gain. When the temperature inP€claration of competing interests:
creases from 200 to 300, the maximum gain increases by onl

0.5%, so the influence of temperature is negligible. Ko financial interests or personal relationships that may have

influenced the work presented in this article.

3. Conclusion Data availability:

Using the empirical pseudo potential method (EPM) inThe data are available from the corresponding author.
conjunction with the virtual crystal approximation (VCA),

we have examined the electrical characteristics of thq:unding Declaration:

Ga,In; _, P alloy both with and without accounting for the ef-

fects of compositional disorder. Overall, there is good agreeNone

ment between our findings and the experimental values. The

studied material turns out to be a direct bandgap semiconduResearch involving human and animal rights

tor for z < 0.78 and an indirect bandgap semiconductor for

x > 0.78. We have calculated the confinement factor for aThe article adheres to the ethical principles of the journal and
single quantum well structure. The values obtained are londoes not contain results of studies involving humans and/or
and the confinement factor increases with the well width. Inanimals.
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