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ABSTRACT

This work deals with the modeling of a quinary structure,
based on a strained quantum well Ga,In,_ N As, , ,Sb, .

We studied the effect of the incorporation of nitrogen N(y%)
and antimony Sb(z%) in ternary alloys GalnAs . Indeed, the
incorporation of a weak composition of nitrogen causes a split
of the conduction band into two sub bands while antimony
causes the split of the valence band. Under the effect of this
split, there is reduction of the bandgap, which is very
interesting to obtain the emission wavelength of 1.55um. We
also studied the effect of the strained on the band structure.
The energy of carriers confinement and the emission
wavelength depending on the thickness of the active layer
have been determined for different alloy compositions 1n%,
N% et Sb% taking into consideration the influence of
strained, temperature and well width. This study allows us to
choose structures to improve VCSEL's diodes for fiber optic
communications.
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1. INTRODUCTION

quaternary GalnNAs was discovered in 1996 by Kondow [1]
it is now the alloy I11-NV best known. During the last decade,
the need for low-cost and non-cooled optical sources led to the
rapid development of this quaternary. Strained quantum wells
based on GalnNAs / GaAs become prime candidates to
replace the GalnPAs/InP based systems for transmitting at the
wavelength 1.3um, edge-emitting lasers and VCSELSs based
on this alloy have quickly emerged [2]. The GalnNAs is also
being studied for the realization of multi-spectral
high-performance solar cells [3], and heterojunction bipolar
transistors (HBT), low offset voltage [4] and working at
higher modulation frequencies than with the conventional
transistors based on AlGaAs or GalnP. Taking advantages of
these characteristics, HBT based on GalnNAs have become
components of choice for high-performance amplifiers used
in devices requiring very good linearity and reduced
consumption [5].The combination of the five elements that
constitute the two quaternaries that is to say (ie) that the
GalnNAsSb quinary alloy is particularly interesting. To have
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a good compromise between electronic containment and
emission wavelength. This material has been the subject of
relatively few studies. The first published studies have
focused on the improvement of optical and electronic
properties of the GalnNAs with the incorporation of
antimony, the degradation of these properties is mainly due to
the incorporation of a high percentage of nitrogen (5%) to
have an emission at 1.55um, but at such percentage the
material loses its optical qualities. Thus the incorporation of
antimony becomes necessary to have an emission beyond
1.3um while maintaining good optical properties.

2. THEORETICAL MODEL

The incorporation of nitrogen into GalnAs matrix
introduces a level located at 1.65eVabove the top of the
valence band it is called: iso-electronic level because the
valence of the nitrogen atom is identical to the level of arsenic
atom, this level of impurity is resonant with the conduction
band. According to the bands anticrossing model proposed by
Shan et al [6], localized states due to the nitrogen atoms
isolated in the GalnAs matrix are coupled with the States of
the minimum T of the conduction band of this same matrix.
To determine the configuration of the valence band after the
incorporation of antimony we use the anticrossing model of
valence bands 'VBAC'. This model is based on the famous kp
method [7] by considering six valence states of coupled
semiconductor with six valence states of atoms introduced
'impurities’, the Hamiltonian diagonalization leads to six
doubles eigenvalues and degenerate corresponding to two
bands: ahigher band Ey,. and alower band E,. which are the
result of the bands anticrossing of heavy holes HH light holes
LH. The determination of the eigenvalues of the energy states
leads to two solutions:

1

Esnn =3 [Esb +Epn(x) = \/(ESb —Enn(1))? + 4VPQ2] 1)

B = % [Esb +Ep() = \/ (Esp — En(1))* + 4VPQ2] 2
where

Vpo = CopVz 3
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Cs,=1.05 and Eg,=-1eV. And z is the incorporated antimony
fraction [6].

The calculation of electronic transitions that occur in a
semiconductor is a key parameter for the study of the optical
properties such as gain or absorption, but this requires
knowledge of the band structure of the material, that is to say
(ie) energy bands and their corresponding wave functions. In
optoelectronics this calculation is often done by solving the
Schrédinger equation according to the formalism of
Ben-Daniel-Duke [8]:

1 0

<_ 2 0z (__) + g + Vc(2)> ¢(z) = Eo(2) (4)

me 0z 2.m

There are several methods that allow solving this equation. To
calculate the band structure of a quantum well under strained,
there are those that are purely numerical, such as finite
differences and finite elements, or semi-analytical, like the
famous kp method, Method called LCAO (linear combination
of Atomic orbitals) [9] The transfer matrix [10] and the
Galerkin method. The number of States confined in the well
will then be:

1 2L 1 mgyp.Vj
=-+2w [2'm;, .V, +-arctan ( L‘“f) (5)
2 h T mjy [Vg—Vq|

We can know the number of States confined in the well by
considering that the last state (of the higher energy) is located
below the lowest potential barrier. E < Vipe = min(Vg, Vy).
To determine the number of states, we consider my, ., mg,,, the
masses in the lower potential barrier and the highest potential
barrier respectively. For our structure, we have a balanced
well, therefore:

Ve = Vg = V4, (V, potential in the barrier).

Equation (5) becomes:

nstates

M Kw -
Kwlw + 2.arctan (m% Kb) +nt=0 (6)
with my, : effective mass of the electron in the barrier. x;, x,, :

wave vectors in the barrier and in the wells respectively, the
number of states will be then :

2L "
Nstates — 1+ n 'V 2. Myy. Vb (7)

Solving the equation to the eigenvalues gives us quantum
levels in the well.

3. RESULTS AND DISCUSSION

We simulated the effect of indium, nitrogen and antimony
on the strained. We found that indium accentuates the strained
(Figure.1) and decreases the critical thickness and that
antimony act in the same way but its effect is less intense,
while nitrogen reduces the strained and slows the dislocation
(Figure. 2).
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Figure 1: Iso-strained curves in terms of x, y for z=0.06 :
concentrations of indium, antimony and nitrogen respectively. . The
surface of positive values represents the couplets zone (x, y) of
voltage, and the couplets negative values (x, y) of compression and

the '0' line represents the agreement of mesh.

y(N)
)

0.12

S
Aﬂ'ﬂ/ 90’5/ ;3,07'/ o
o1l e(y.2) /o_g'LDl
%
L N 0° 1
0.08,0¢ o o> 09’19
o° g
)
® 0.06 0% 1
N o o of
Lo o o
0.04f o° ; o
3>
0916 o of
0.02¢" y D_Qﬂ J
o K
s /99
o . . . .
0 0.01 0.02 0.03 0.04 0.05
y(N)

Figure 2: Iso-strained curves in terms of y, z for x = 0.30:
concentrations of nitrogen, indium and antimony respectively.

To determine the energy of the bandgap, we use the VBAC
(Valence Band Anti-crossing) to calculate the

model

conduction band and the valence band, and then we introduce
the effect of the strained, and in the end the gap. Simulation
results that we have obtained are shown in Figure 3 and Figure
4 which describe the evolution of the gap energy as a function
of indium and nitrogen fractions, and as a function of nitrogen
and antimony fractions respectively.
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Figure 3: Iso-gap curves (eV) as a function of x, y for z = 0.04:
nitrogen of indium and antimony concentrations respectively.
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Figure 4: Iso-gap curves (eV) as a function of y,z for x=0.30:
nitrogen , antimony and indium concentrations respectively.

Solving the eigenvalues equation gives us the energy levels
of the electrons in the quantum wells. Figures 5 and 6 show
the evolution of these levels in the well in terms of their
thickness for different fractions of indium, antimony and
nitrogen. These results are valid for isolated quantum wells
that is to say (ie) for barrier thicknesses much higher than that
of wells. We note that the number of energy levels increases
with increasing thickness of the active zone, and the spacing
between these levels decreases. These results also show that
increasing fractions of indium and nitrogen increases energy
quantization in the well while antimony decreases it.
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Figure 5: Energy Evolution of electrons in the quantum well based
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Figure 6: Energy Evolution of electrons in the quantum well based
on Gag 7o INg30 N0.025 As_0.855 Sh_0.12 at T=300°K.
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Figure 7 gives the evolution of the wave length as function
of the thickness of the active layer and fractions of
composition x (In), y (n), z (Sb). This figure allows us to see
that the three compounds increase the emission wavelength,
and that with this structure we reach more easily the

privileged wavelength of optical telecommunications
1.55um.
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Figure 7: Wavelength Evolution depending on the width of the well,
at T =300 °K for different concentrations of In, N and Sh.

4. CONCLUSION

In this paper we highlight the fact that this structure is a
good compromise that allows us to take advantage of the
qualities of both quaternaries GalnNAs and GaNAsSb,
including good containment, reduction of the gap energy and
reducing strained which adds additional flexibility to the
realization of structures with different methods of growth, all
that with reducing the disadvantages presented by the two
quaternaries, thanks to a wvery attractive property in
GalnNAsSb and which adds another degree of freedom in the
design of devices based of this alloy, It’s the fact of being able
to change several settings independently, and then, playing on
the composition of fractions x, y, z indium, antimony and
nitrogen respectively. Subsequently we have studied the
influence (x (In), y (N), z (Sb)) and thickness L, on the
emission wavelength. We can achieve the wavelength
1.55pum, with the GalnNAsSb structure which is preferred for
fiber optic communications.

REFERENCES

1. Kondow, M., Uomi, K., Niwa, A., Kitatani, T., atahiki,
S., Yazawa, Y. GalnNAs. A novel material for
long-wavelength-range laser diodes with excellent
high-temperature performance, Jpn. J. Appl. Phys., 1999,
vol.35, part 1, N°2B, pp.1273-1275

2. Nakara, K Kondow, M Kitatani, T Larsn, M.C Vomi, K.
1,3um  continous-wave  lasing  operation in
GalnNAsquatum-well lasers, IEEE photonics technol.
Lett., 1998, Vol.10 n°4 pp. 487-488



Abdelkader Aissat et al., International Journal of Microwaves Applications, 2(3), May —June 2013, 104 — 107

3. J F GeiszandDj Friedman. 111-N-VV Semiconductors for
solar photovoltaic application. Semiconductor sci
Technol.17 (2002) pp.769-777

4. JC.Harmand, L.LiR.Mouillet, .Unaro,V. Sallet,
L.Travers, G.patriarche, L.Largeau. GalnNAsSbh Alloy
and its Potential for device applications Dilute Nitride
semiconductors, M.Henini, Elsevier, 2005 .pp 471-493

5. Rebecca J.Welty, Roger E.Welser, Charles W.Tu and
Peter M. Asbeck. Application of dilute nitride materials
to Heterojuction Bipolar Transistors Dilute Nitride
semiconductors, M.Henini, Elsevier, 2005 pp 579-610

6. W.Shan, W.Walkiewicz, and JW.Ager Ill. Band
Anti-crossing in GalnNAs Alloys. Phys.Rev.1999 Vol
82,n°6 pp 1221-1224.

7. Alberi, KIM. Yu, P.R. Stone, O.D. Dubon, W.
Walukiewicz, T. Wojtowicz, X. Liu, J.K. Formation of
Mn-derived impurity band in 111-Mn-V alloys by valence
bandanticrossingFurdyna, Phys. Rev. B 78 (2008)
075201.

8. D.J Ben Daniel and C.B Duke. Space-charged effect on
electron tunneling Phy. Rev. 152,683-692(1966)

9. P.Vogl, H.P. Hjalmarsonet J.D. Dow. A semi-empirical
tight-binding theory of the electronic structure of
semiconductors. J. Phys. Chem. Solids, 44, 5, 365-378
(1983).

10. J.M. Jancu, R. Scholz, F. Beltram, et F. Bassani.
Empirical spds tightbinding calculation for cubic
semiconductors:  General method and material
parameters. Phys. Rev. B 57, 11, 6493-507 (1998)

107
@ 2012, 1IIMA All Rights Reserved



