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In this paper, we have configured InGaAsP QW (quantum well)
heterostructures of type-I and type-II band alignments and simulated their
optical characteristics by solving 6 x 6 Kohn-Luttinger Hamiltonian Matrix.
According to the simulation results, the InGaAsP QW heterostructure of
type-I band alignment has been found to show peak optical gain (TE mode)
of the order of~3600/cm at the transition wavelength~1.40 pm; while of
type-1I band alignment has achieved the peak gain (TE mode) of the order
of~7800/cm at the wavelength of~1.85 um (eye safe region). Thus, both of

Keywords: o - . X

eyworas the heterostructures can be utilized in designing of opto-or photonic devices
Heterostructures for the emission of radiations in NIR (near infrared region) but form the high
InGaAsP gain point of view, the InGaAsP of type-II band alignment can be more
Optical gain preferred.

Quantum well
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1. INTRODUCTION

Recently, the type-I and type-II nano-heterostructures have been very popular in the area of
optoelectronics because of their demand in the in the designing of opto-devices such as detectors, lasers,
LEDs and other photovoltaic devices due to their proficiency of transport of photogenerated carriers in the
heterostructures. Both of them have their distinguished features in different regime of wavelengths. Most of
the type-I and type-II heterostructures has shown their utility in the visible region and near infrared region
(NIR) [1-6]; some have been found to play their role in MIR (mid infrared region) or SWIR (shortwave
infrared region) as well as in FIR (far infrared region) [7]-[11]. Recently, nitride based type-II
heterostructures have also been reported for UV (ultra violet) applications. For example, Liu et al. [12] have
proposed AllnN-delta-GaN quantum well ultraviolet lasers and claimed their high optical as compared to the
conventional nitride heterostructures. Also, Tan et al. [13] have reported optical gain and spontaneous
emission characteristics of low In-content AlInN-delta-GaN quantum wells (QWs) and analyzed the results
for deep ultraviolet (UV) light emitting diodes (LEDs) and lasers. In their analysis, they found a large
increase in the dominant transverse electric (TE) polarized spontaneous emission rate and optical gain.
Taniyasu et al. [14] have studied AIN/GaN short-period superlattices and have reported different polarization
property from AlGaN. In reference [15], the optical gain and spontaneous emission characteristics of AlInN
quantum well heterostructures for deep ultraviolet emitters have been discussed. D. Rosales et al. [16] have
reported an unusual temperature dependence of exciton lifetimes in arrays of GaN nanostructures grown on
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semipolar (11-22) oriented Al0.5Ga0.5N alloy by means of MBE (molecular beam epitaxy) technique.
Moreover, Ngo et al. [17] have studied photo-induced non-radiative intrinsic Auger recombination processes
for red, yellow and green light emitting InGaN/GaN heterostructures grown along the polar orientation.

Apart from the detailed study of type-I and type-II heterostructures, their transformations have also
been studied. For example, in reference [18], P. A. Alvi has shown that the InAs/AlSb materials based
heterostructure with type-II band alignment can be transformed into type-I heterostructure. Moreover, the
transformed type-I heterostructure has found to exhibit improved optical gain. However, so far, the behavior
of optical characteristics of any particular QW material system with type- I and type-II band alignments have
not studied. Hence, in this the paper the efforts have been made for comparative study on optical gain
characteristics of InGaAsP QW heterostructure with the band alignments of type-I and type-II. In order to
optimize the gain characteristics of the InGaAsP QW heterostructure, k.p method has been adopted. In the
following sections of the paper, device structure having type-I and type-II band lineup; detailed theory
adopted for gain calculation along with the results have been discussed.

2. DEVICE STRUCTURE AND THEORY

For type-1 InGaAsP QW heterostructure, the energy band diagram showing type-I band alignment is
shown in Figure 1 and corresponding design parameters are listed in Table 1. The compositions of QW and
barrier materials are selected in such a way so that the bands can be aligned of type-I in nature. The substrate
is selected as InP on which the heterostructure is supposed to be grown. The reason behind the selection of
InP substrate is to reduce the strain induced in the well region which occurs due to lattice mismatch. If strain
induced is large, the device performance may be degraded. Refer Figure 1 and Figure 2, in case of type-I
band alignment it can be observed that the conduction band offset of QW region is greater than valence band
offset, see Table 1; while in case of type-II band alignment the situation is reversed i.e. valence band offset of
QW region is greater than conduction band offset, see Table 2.
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Figure 1. Energy band diagram of InGaAsP Figure 2. Energy band diagram of InGaAsP
heterostructure showing type-I band alignment heterostructure showing type-II band alignment

Table 1. Design Parameters of InGaAsP QW Heterostructure of Type-I Band Alignment

Energy Lattice Conduction Valence
Role of L Band band edge- band
ayers constants . )
Layer Specification gap A) Strain offset edge-offset
P V) V) (eV)
Q“@Eﬁ’m IngooGao 10ASosoPosr 081 593 -0.011 0.048 -0.024
Barrier In0,74Gao,25ASO,57P(),43 0.98 5.86 0.013 0.060 -0.094
Cladding  Ings50Gao.Aso.11Po.s9 1.7 5.94 -0.013 0.176 -0.275
Substrate InP 1.34 5.86 - - -
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Table 2. Design Parameters of InGaAsP QW Heterostructure of Type-II Band Alignment

S. Layer Role of Layer Conduction Valence band-offset
No. Specification band-offset (eV) (eV)
1. IngsGagsAsosPo,  Quantum wells 0.190 0.263
2. GaAsesSbos Barrier 0330 0.483
(Spacer)
3. InP Substrate

To determine the band structure of the heterostructures under study, k.p method has been utilized
[19]. For the calculations of wavefunctions, probability distribution function (which confirm the localizations
of the carriers) and discrete energy levels in valence band, the 6 x 6 Luttinger-Hamiltonian, as given below,
along with effective mass approximation is solved
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where A is band edge energy of the spin orbit split-off band and the superscript “+” represents the Hermetian
conjugate of the parameters P, Q, R and S. The matrix elements of the above matrix are detailed as follows:

2 2
P =30 (kE + K} + k2): R= g [V ok = k) + 23 " sk

2
Q =T (k} + K} — 243); § =23 (ke — iky )k,

In the above equations, kx,ky and kZ are the resolved components of the wave vector along x, y and z axis;

and the },,7,, and };are the Luttinger parameters, which have been listed in Table 2.

Table 2. Parameters of Materials Used in Designing InGaAsP/GaAsSb Heterostructure [20], [21]

Effective mass

Effective mass

P 1
arameters - yy ¥z ¥s of electrons of holes
my=0.333m,
InA 20. . 2 =0.026m,
nAs 0.0 850 920  m=0.026m my=0.027m,
my=0.350m,
A . 2. 293 =0. o
GaAs 698 206 29 mr=0.067m, my=0.090m,
B myy=0.60m,
InP 505 16 21 me=00795m, Mo
op 105 049 203 e=0.09m, m=0.79m,
my=0.14m,

In order to obtain the optical properties of the heterostructure such as optical gain the precise

formula is given as [21];

2.me? Z ZJ‘|
ncewLm?

=U,Lnm

(i (k) = fam k) (X) k,dk,

G(hw) =
(ho) = (ES2 (k) — wh)“+y2 2T

M2, (k)|
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where e represents magnitude of elementary charge, m is mass of electron, & represents the polarization
vector of electric field responsible for optical effects, L is well width, n is refractive index of QW region,

7y =N/1,, represents the half linewidth of the Lorentzian function and fand f}, are the quasi Fermi

levels and can be given as;

) 1 1
(k)= d (k) =
fn( t) EC(k)_F an fo—m( t) Ev (k)_F
I+exp(——F——) I +exp(————2)
K, T K, T

and the quantity M]C (k.) represents the momentum matrix element, can be defined as Mo (k,) =

( okt ﬁ|1,bli?), where P is the momentum operator. For TE mode, the polarization vector of electric field is

taken as € = X; while for TM mode, it is taken as € = Z. The term E;’;nm

(k,) , basically, represents the

energy gap between the conduction (7) and valence sub-bands (m) and can be given as;

Ec (k)= ES(k)—~EL, (k)

n,onm

3. SIMULATION RESULTS AND DISCUSSION

The basic and very important requirement for the realization of optoelectronic devices such as LEDs
and lasing heterostructures is to determine the optical gain because it describes the optical amplification in
active region (QW) the semiconductor based QW heterostructure. Actually, the gain is a process where the
medium of the active region of the heterostructure transfers some of its energy to the emitted EM (electro-
magnetic) radiation, which results into an increased optical power. Hence, understanding gain process is a
major objective as being a basic requirement for optimization of QW heterostructures. For InGaAsP material
system based QW heterostructures with type-I and type-II band alignments, the optical gain has been
calculated and plotted in Figure 3 and 4.
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Figure 3. Polarization dependent optical gain spectra as function of (a) lasing wavelength and (b)
photonic energy for InGaAsP type-I STIN QW heterostructures
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Figure 4. Behavior of total optical gain (a) in terms of energy (b) in terms of wavelength of InGaAsP type-
II STIN QW heterostructure

In Figure 3, for the type-I InGaAsP based QW heterostructure grown on the InP substrate, the
polarization dependent optical gain is plotted. In figure 3 (a) and (b), the optical gain (TE and TM) as a
function of wavelength and photonic energy, respectively, is plotted. In these figures it can be observed that
the peak optical gain with in TE mode (of the order of~3600/cm) is achieved at the wavelength~1.40 pm
with corresponding photonic energy~0.88 eV; while within TM mode this gain is very low (of the order
of~~50/cm) and it occurs at wavelength~1.34 pm with corresponding photonic energy~0.925 eV

Now, refer Figure 4, behavior of total optical gain in terms of energy and transition wavelength of
InGaAsP STIN QW heterostructure with type-II band alignment is shown. In figure 4 (a) and (b), the optical
gain (TE mode only) as a function of photonic energy and wavelength, respectively, is plotted. In these
figures it can be observed that the peak optical gain with in TE mode (of the order of~7800 /cm) is achieved
at the wavelength~1.85 pm (eye safe region) with corresponding photonic energy~0.67 eV. So, keeping in
views, the magnitude of optical gain only, the type-II aligned InGaAsP QW heterostructure can be preferred
for the application of designing the nanoscale diode structure that emit high intense optical radiation within
NIR (near infrared region). The reason behind the achievement of high optical gain in type-II InGaAsP
heterostructure is that this structure has two quantum wells of InGaAsP material separated by GaAsSb spacer
layer and hence dominant transitions resulting into high optical gain is achieved; while type-I aligned
InGaAsP QW heterostructure has single QW, see Figure 1 and Figure 2, and therefore a less strong transition
is achieved which causes low optical gain.

However, the lattice mismatching also plays a very important role in deciding the emission
wavelength and optical gain, because due to lattice mismatch (that occurs due to difference in lattice
constants of materials of substrate and quantum wells or barriers) a strain (compressive or strain) comes into
play by which the band structure and hence band gap is changed that results into the changed wavelength.
Also, the variation in strain can be seen by changing the molar composition of either substrate material or
quantum well material. In reference [23], the variation in strain in nitride based heterostructures due to
composition variation has been shown. Another option to enhance the optical gain and wavelength of the
heterostructure is to apply the external pressure, because upon application of external pressure on the
heterostructure, the band structure may be changed depending on the direction of pressure applied. For
example, in figure 5, the bulk band structure of InGaAsP semiconductor compound on InP substrate is
shown. Thy system has tensile strain. In this situation, light hole (green color) is found to lie above the heavy
hole (green color). The existence of tensile strain confirms the lattice mismatch between the InGaAsP and
InP materials. But, if the uniaxial pressure is applied the structure shown in figure 5, definitely it will be
changed.
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Figure 5. Bulk band structure of InGaAsP semiconductor compound on InP substrate
4. CONCLUSION

InGaAsP QW based heterostructures with type-I and type-1I band alignments have been studied and

their optical characteristics have been simulated by using k.p method. On the behalf of outcomes of the
calculations carried out, the InGaAsP QW heterostructure of type-I band alignment has been found to show
peak optical gain (TE mode) of the order of~3600 /cm at the transition wavelength~1.40 um; while of type-II
band alignment has achieved the peak gain (TE mode) of the order of~7800 /cm at the wavelength of~1.85
pm (eye safe region).
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