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The modal gain characteristics along with optical losses theoretically within TE and TM polarization modes for GRIN-

In0.90Ga0.10As0.59P0.41/InP lasing nano-heterostructure by taking into account the number of quantum wells as active layers 

inserted between barriers, have been investigated in the present paper. In addition, the behaviour of saturated modal gain, 

transparency current density and maximum optical loss for the single and multiple quantum wells based nano-

heterostructures, has also been studied. Moreover, temperature and GRIN dependence of modal gain characteristics with in 

TE and TM mode have been studied. Under simulation, the anti-guiding factors (a substantial parameter for optical gain) 

along with modal gain as a function of photonic energy and lasing wavelength at different temperatures have also been 

investigated. The maximum gain is achieved in the NIR (near infrared) regions at the wavelengths ~1.40 µm and ~1.25 µm 

in TE and TM polarization modes, respectively in the present paper. Hence, the nano-structure studied in this work is very 

useful as a light source for the optical fiber based communication system functioning in the NIR region due to less 

attenuation.  
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1 Introduction  

 The material InGaAsP/InP system based multiple 

quantum well (MQW) lasing heterostructures is 

widely used in optical fiber communication system as 

light sources due to their interesting lasing 

wavelengths. Quantum well (QW) lasing nano-

heterostructures are important for research due to their 

physically and technological properties. In past few 

decades, the III-V compound semiconductors based 

quantum well structures have been preferred for 

lasing applications and steadily grown until now. 

Recently, due to unusual properties of III-V 

semiconductors based quantum-size structures; they 

have drawn a very serious attention of researchers. 

Interestingly, formation of self-organized low-

dimension semiconductor layers has drawn attention 

to the researchers due to the possibility of creating 

three-dimensional electron confinement in the 

uniform and coherent (non-dislocation) clusters. In 

the present era, quantum size-lasing heterostructures 

are very significant sources for fiber optic 

communications and are the key components of 

applications such as optical data storage and remote 

sensing1,2
. In quantum well based lasing 

heterostructures, it is desirable to lower the threshold 

current before lasing begins, maximize optical gain 

and minimize the losses. Step index profile based 

Separate Confinement Heterostructures (SCH) play a 

promising role in this context. In SCH designs, the 

carriers get confined by heterostructure barriers so as 

to increase the carrier density in quantum well and 

therefore, enhancing radiative recombination. As a 

result, a considerable amount of carriers is no more 

able to drift away towards opposite electrode; they 

must recombine in the active region. The major 

benefits are continuous wave operation making them 

ideal for optoelectronic applications. Further, 

advantages include less heat generation and less 

power consumption.  

 However, the GRIN (Graded Index)-quantum 

structures have been reported with various advantages 

over STIN-heterostructures such as greater trapping 
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and injection efficiency and noticeably shorter doping 

time and enhanced carrier confinement within the 

active or quantum region
3-6

. The maximum optical 

gain of the order of 8000/cm, however, has been 

reported by Alvi et al
7
. for GRIN InGaAlAs/InP 

structures. Wang Yang et al
8
. fabricated 1.5 µm 

InGaAsP/InP tunnel injection multiple quantum well 

Fabery Perrot (F-P) ridge laser
8
, and investigated the 

cavity length dependence of temperature T0. InGaAsP 

quantum well active region generates good electrical 

confinement and large amount of gain leads to high 

quantum efficiency and low threshold current 

density
9
. By using the 4x4 Luttinger-Kohn 

Hamiltonian, the optical gain and valence band 

effective masses in both types of QW lasing structures 

viz. InGaAlAs and InGaAsP under the influence of 

compressive strain have been calculated
10

. Carsten  

et al
11

. have presented that by varying the 

composition and changing the well thickness, the 

band gap of QWs can be engineered which is the 

major advantage
11

. In a recent research, theoretical 

model of AlGaN/GaN, AlInN/InN (Refs 1, 2, 12) and 

InGaN/InN ( Ref.13) material based multilayer nano-

heterostructures taking strain effects at the 

heterointerfaces into account have been analyzed and 

reported. Specifically, the strain effects of InGaN/InN 

multi quantum well hetero-systems with different 

indium contents have been studied with the help of 

HRXRD (High resolution X-ray diffraction) 

technique
14

. Moreover, the effect of structural 

parameters on 2DEG (two dimension electron gas) 

density and C~V characteristics of AlGaN/GaN- 

based HEMT (high electron mobility transistor) have 

been studied
15

. Also, lasing characteristics such as 

material gain, differential gain, anti-guiding factor, 

and gain compression of AlGaAs/GaAs lasing 

structure have been studied
16

. In addition, the 

phenomena of photoluminescence (PL) in such 

heterostructures have been determined by radiative 

recombination of excitons
17

. The PL and PL delay 

time are found to depend on temperature. Moreover, 

double barrier resonant tunneling structures of 

material combination InGaAs/AlAs based micro-

accelerometers have been designed and fabricated 

successfully by using control hole technique
18

.  
 

2 Structure and Theoretical Details  

 In a practical quantum well laser, separate 

confinement heterostructure (SCH) is commonly used 

to achieve the optical confinement and high injection 

quantum efficiency. In a SCH QW structure, the QW 

active region is sandwiched between two optical 

confining layers (OCLs). The OCL thickness is of the 

order of the optical wavelength of the lasing region. 

Basically, there are two types of SCH: Step SCH and 

GRIN SCH. In step SCH, the refractive index of the 

QW region is uniformly distributed and changes 

abruptly at the interfacing of well and barrier region; 

while in GRIN SCH, the index of the QW region is 

distributed non-uniformly. In the present study, 

various lasing characteristics of the GRIN SCH type 

lasing nano-heterostructure have been investigated 

theoretically. The structure model has multiple 

quantum wells (MQWs) sandwiched between the 

barriers followed by the claddings. The overall 

structure is assumed to be grown on InP substrate. 

In0.90Ga0.10As0.59P0.41 composition has been utilized as 

an active region (quantum region). The width of the 

active region is ~ 6 nm, while the barriers and 

claddings are of width ~ 5 and 10 nm, respectively, 

thereby creating a nano-heterostructure. The 

composition of active region is chosen such that its 

refractive index is higher than that of barriers while 

the band gap of active region is less than that of 

barriers. In case of GRIN structure, it is important to 

note that the refractive indices of the barriers 

sandwiching the quantum wells (quantum regions) are 

uniform while the refractive indices of the outer 

barriers decrease towards cladding gradually. The 

physical structure of GRIN type lasing nano-

heterostructure is shown in Fig. 1. The barriers out of 

quantum region have been shown by different 

colours, while the colours of barriers within the 

quantum region are the same (Fig. 1). The light blue 

colour of barriers refers to low refractive index while 
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Fig. 1 — Schematic diagram of designed GRIN-InGaAsP/InP 

Nano-heterostructure 
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the dark blue indicates high refractive index in the 

heterostructure.  

 For evaluation of the discrete energy levels within 

the semi parabolic conduction band, following 

equation
19

 can be used as: 

 
2

2

*2
c c

c

V E
m

− ∇ ψ + ψ = ψ
�

 

 

where � is wave function, � the reduced Planck’s 

constant, mc
*
 

 
the effective mass of electron in 

conduction band, Vc the conduction band potential, Ec is 

electron energy level in conduction band. For a strained 

quantum well, the conduction band potential is: 
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where δ
�
 is the hydrostatic potential and conduction 

band offsets of barrier and cladding layers are �Vbc 

and �Vcc, respectively. The hydrostatic potential can 

be defined as:  
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where � is the strain constants of the barrier and 

quantum well layers that can be given as: 
 

( )b q ba a a= −ε  

 

where a is the hydrostatic deformation potential, C11 

and C12 are the elastic stiffness constants. 

 For the purpose of evaluation of wave functions 

associated with valence sub-bands, the 4×4 Kohn-

Luttinger Hamiltonian can be solved as:  
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Ev is the energy Eigen values of valence sub-bands, 

m0 is the mass of free electron, �1, �2 and �3 are the 

Luttinger parameters, kx and ky are the components of 

transverse wave vector, Vhh, Vlh are the potentials of 

valence sub-bands for heavy and light holes and can 

be given as:  
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where �Vbv and �Vcv are valence band offsets for 

barriers and claddings, respectively and �s is shear 

potential and it can be expressed as: 
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where b is shear deformation potential.  

 The optical gain coefficient for quantum well 

structures
7
 can be given as: 
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 The symbols used have been explained in Refs (7, 

16, 19). Where, it may be noted that the L(E) is 

Lorentzian lineshape function, Aij is angular 

anisotropy factor and it is normalized in order to have 

its average as unity. Within TE polarizations, it is 

given
20

 as :  
 

2

2
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θ
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� +
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For TM polarization, it is given as: 
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where the angular parameter is given as: 
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where E is the photonic energy and E
'
 is the transition 

energy between i and j states. 

 The temperature dependence of the optical gain can 

be expressed as: 
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where the symbols used have been explained in  

Refs (16, 21).  

 The modal gain (G-J) characteristics of 

InGaAsP/InP lasing structures can be estimated by the 

expression as: 
 

0

0

( ) ( ) ( ) ln 1M

J
G J G J G J

J

� �� �
= Γ = Γ +
 �� �


 �	 
� �
 

 

 For the MQWs, the above expression will be 

modified as: 
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where GM(J) - modal gain, G(J) - material gain and 

G0(J) - optimum gain. N is the number of quantum 

wells in nano-heterostructure. The quantity � 

represents quantum well optical confinement factor, 

which is defined as: 
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where W is the width of quantum well, �(z) is the 

intensity of the electric field of radiation along  

z-direction.  

 For multiple quantum wells, the modal gain as a 

function of transparency current density is given by: 
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Threshold current density is calculated as: 
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where �i and �m are the internal and mirror loss, 

respectively. R1 and R2 are the mirror reflectivities and 

L is the cavity length.  

 Threshold current density in terms of losses can be 

defined as:  
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 Next, anti-guiding factor which is a very important 

parameter has a very crucial role in the 

heterostructure and it is defined as: 
 

4 n

G

′
= −

′

π
α

λ
 

 

where n′ and G
'
 are defined as dn/dN (differential 

refractive index change) and dG/dN (differential 

gain), respectively.  

 

3 Results and Discussion 

 The parabolic nature of dispersion profile of 

conduction band has been taken into account and 1-D 

Schrödinger equation has been solved to obtain 

energy Eigen values of conduction band electrons 

within the quantum well of the quaternary 
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semiconductor compound In0.90Ga0.10As0.59P0.41
,
  

(Fig. 2). The material compositions of quantum wells 

and barriers are selected in order to have lattice 

matched criteria, but the selection criteria of the 

substrate is done in such a way that the quantum wells 

are compressively strained by an amount of 1.2%, and 

therefore, for compressively strained structure, proper 

selection of substrate is very important. In literature, it 

has been reported that for the compressively strained 

quantum well structure, TE polarization mode 

dominates. The compressive conduction and valence 

bands dispersion profiles for In0.90Ga0.10As0.59P0.41 

quantum well at temperature 300 K and strain ~ 1.2% 

are shown in Fig. 2. Apart from the band edge (kz = 

0), the energy of conduction band increases with the 

propagation vector (or wave vector) and its variation 

has parabolic nature (Fig. 2). Moreover, the energy 

separation between conduction band and valence HH 

(heavy hole) sub-bands increases with increase in 

wave vector. In addition, according to the valence 

band dispersion profiles, apart from the band edge, 

the energy separation between the LH and HH (heavy 

hole) sub-bands is decreasing but the energy of SO 

(split off hole) sub-bands with respect to LH and HH 

valence sub-bands is increasing along the wave 

vector. The SO hole sub-bands arise due to spin-orbit 

interactions.  

 In Figs 3 and 4, the modal gain characteristics of 

GRIN InGaAsP/InP nano-heterostructure containing 

SQW and MQWs have been plotted with in both TM 

and TE polarization modes, respectively, taking into 

account the effect of number of quantum wells. In 

general, for the structure with particular number of 

quantum wells, the modal gain is found to increase 

with increasing current density and finally fount to 

saturate at higher current densities. In Figs 3 and 4, it 

has been predicted that the higher saturated modal 

gain is achieved with large number of quantum wells 

at higher current densities. From Figs 3 and 4, the 

threshold current density and hence, threshold gain 

can be estimated for a particular number of quantum 

well in the heterostructure. In both the modes, it is 

obvious that the threshold current density and 

threshold modal gain are increased with increasing 

number of quantum wells in the nano-heterostructure. 

Im(k) -5 0 5 10 Re(k)

-0.8

-0.4

0.0

0.4

0.8

1.2

 Conduction band

 Light Hole

 Heavy Hole

 Split off

E
 (

e
V

)

k
z
 (10

6
 cm

-1
)

 
 

Fig. 2 — Compressive conduction and valence band dispersion 

profiles for In0.90Ga0.10As0.59P0.41 quantum well at 300 K 
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Fig. 3 — Modal gain characteristics for GRIN InGaAsP/InP nano-

heterostructures in TE mode 
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Fig. 4 — Modal gain characteristics for GRIN InGaAsP/InP nano-

heterostructures in TM mode 
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In TE mode, these quantities are greater than that in 

TM polarization mode; hence TE mode is dominant 

mode. The similar gain characteristics have been 

observed for the GRIN structures of InGaAlAs/InP 

material system
21

, but the transparency current 

density, saturated modal gain and average losses of 

InGaAsP/InP based heterostructure is found a little 

greater than that of InGaAlAs/InP based 

heterostructure.  

 The TE mode provides higher modal gain in 

comparison with TM mode, due to the fact that the 

heavy hole exciton contribution is negligible to the 

TM polarization mode as compared to the TE mode 

(Figs 3 and 4). In other words, the momentum matrix 

element for the heavy hole in the TM mode is almost 

negligible as compared to that for the heavy hole in 

the TE mode. Chuang
22

 has reported that both TE and 

TM polarization modes are present in relaxed 

quantum well structures and these transverse modes 

broaden the optical spectrum which is not required, 

but, since, in the present study, the quantum well 

structure is compressively strained by an amount of 

1.2%, hence the TE polarization mode dominates. The 

inset pictures of Figs 3 and 4 have shown the 

behaviour of transparency current density, which has 

played a very crucial role in determining the threshold 

condition. The transparency current density exists at 

zero modal gain for the GRIN InGaAsP/InP nano-

heterostructure consisting of SQW and MQWs in both 

TE and TM modes (Figs 3 and 4). The reason of 

existing transparency current density at zero modal 

gain is based on the fact that the modal gain on this 

transparency current density is balanced by 

background absorption internal optical loss. The inset 

Figures 3 and 4 also predict that the existence of 

overall modal gain occurs at the current density 

(threshold current density) beyond the transparency 

current density. Moreover, the values of transparency 

current density are found to increase with increasing 

number of quantum wells in both the modes. 

 In Fig. 5, the behaviour of saturated modal gain is 

predicted for GRIN InGaAsP/InP lasing nano-

heterostructure in both TE and TM modes. The modal 

gain is found to increase linearly with increasing 

number of quantum wells and the overall modal gain 

is found more pronounced in TE mode rather than  

TM mode. Moreover, the variation in transparency 

current density with number of quantum wells in both 

modes is shown in Fig. 6. The TE and TM modes 

based   optical   losses   with current   density   for the  
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Fig. 5 — Behaviour of saturated modal gain in TE and TM modes 
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Fig. 6 — Comparison of transparency current density in TE and 

TM modes 

 

heterostructures have been shown taking into account 

number of quantum wells (Figs 7 and 8). The 

maximum optical losses are predicted at the 

corresponding current density for the heterostructures 

consisting of various number of quantum wells. 

Figures 7 and 8 show that for a particular 

heterostructure having arbitrary MQWs, the 

maximum optical loss is more in TE mode rather than 

in TM mode. Though the optical loss for SQW based 

nano-heterostructure is low, even that the MQWs 

based structures are preferred because at high loss, the 

MQWs based nano-heterostructure has the advantage. 

Its modal gain arises from the part of the modal gain-

current density curve that has a high slope rather than 



YADAV et al.: GAIN CHARACTERISTICS OF NANO-HETEROSTRUCTURE 

 

 

453 

the saturated part as in the SQW lasing nano 

heterostructure. Since the saturated modal gain of the 

SQW nano-heterostructure may not be large enough 

to attain the threshold modal gain and therefore, we 

must turn to the MQWs lasing nano-heterostructure. 

 In Figs 9 and 10, the behaviour of temperature 

dependent modal gain characteristics for the nano-

heterostructure consisting of a particular number of 

quantum well within both TE and TM modes is 

predicted. The modal characteristics are shifting 

downwards with increasing temperature, thereby 

decreasing threshold current densities. This effect is 

due to more injected carriers elevated to higher state 

and more holes populated in the GRIN SCH region. 

Moreover,  the  behaviour  of  temperature  dependent  
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Fig. 9 — Behaviour of temperature dependent modal gain within 

TE mode 
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Fig. 10 — Behaviour of temperature dependent modal gain within 

TM mode 
 

modal gain as a function of photonic energy has been 

predicted in the inset pictures of Figs 9 and 10. In TE 

mode for step SCH InGaAsP/InP heterostructures, the 

modal gain is found at the photonic energy ~ 0.87 eV 

and at corresponding lasing wavelength ~ 1.40 µm; 

while in TM mode the modal gain is found at 

photonic energy ~ 0.92 eV and at corresponding
23

 

wavelength ~ 1.33 µm. For InGaAlAs/InP material 

system based nano-heterostructure, the maximum 

modal gain has been found to exist at photonic 

energies ~ 0.82 eV, 0.92 eV and corresponding lasing 

wavelength ~ 1.55 µm, 1.33 µm in TE and TM 

modes, respectively
7,21

. These differences are due to 

the differences in the range of anti-guiding factors. 
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Fig. 7 — Optical losses for GRIN InGaAsP/InP in TE mode 
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Fig. 8 — Optical losses for GRIN InGaAsP/InP in TM mode 
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Experimentally, large area InGaAsP/InP double 

heterostructures have been grown by LPE (liquid 

phase epitaxy) and found to emit the radiations of 

wavelength
24

, � = 1.3 µm. Moreover, high-quality 

InGaAsP/InP heterostructures for edge-emitting  

1.3 �m LED's have been prepared
25

.  

 The temperature dependent behaviour of anti-guiding 

factor for the GRIN InGaAsP/InP nano-

heterostructure as shown in Fig. 11, has also 

supported the nature of modal gain reduction with 

temperature. The range of anti-guiding factor is found 

to decrease with increasing temperature. For GRIN 

InGaAsP/InP material system based nano-

heterostructure consisting of SQW, the highest range 

of anti-guiding factor (from 1 to 13) is found at 

100 K, while at room temperature, this range is found 

to vary between 0.6 and 2, as shown in Fig. 11. A 

very small value is highly desirable for lasing 

applications because the large values can produce 

anti-guiding and beam filamentation. Moreover, the 

decreasing rate of modal gain with temperature is 

high with in TE mode rather than TM mode. 

Obviously, for a lasing nano-heterostructure, the anti-

guiding factor is the responsible quantity for the 

material gain to exist in the heterostructure.  

 The GRIN steps (layers) dependence of modal gain 

as a function of current density for SQW based 

InGaAsP/InP nano-heterostructure at 300 K is shown 

in Fig. 12. Behaviour of carrier concentration 

dependent refractive index change for different GRIN 

steps of the structure is shown  in Fig. 13.  In  Fig. 12, 
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Fig. 12 — GRIN steps dependence of modal gain and refractive 

index change (inset figure) 
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Fig. 13 — Modal gain with lasing wavelength in TE and TM 

modes 
 

the downward shifting in the modal gain can be seen 

with increase in number of GRIN steps due to the 

reducing of the number of electrons in the optical 

cavity. In the inset picture of Fig. 12, the proportional 

behaviour of modal gain and refractive index change 

for same number of GRIN steps in the heterostructure 

is predicted. Fig. 13 shows the modal gain with lasing 

wavelength for GRIN InGaAsP/InP nano-

heterostructureThe structure provides maximum gain 

at the wavelength of 1.40 µm (within TE mode) and 

1.25 µm (within TM mode); hence such nano-

heterostructures are very useful as a source of 

wavelengths in the NIR (near infra-red) region 

(Fig.13).  
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Fig. 11 — Temperature dependent anti-guiding factor for GRIN 

InGaAsP/InP lasing heterostructure 
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4 Conclusions 

 The modal gain characteristics along with optical 

losses have been investigated theoretically within TE 

and TM polarization modes for GRIN-

In0.90Ga0.10As0.59P0.41/InP lasing nano-heterostructure 

taking into account number of quantum wells as 

active layers inserted between barriers. In addition, 

the behaviour of saturated modal gain, transparency 

current density and maximum optical loss for the 

single and MQWs (multiple quantum wells) based 

nano-heterostructures have also been studied. 

Moreover, temperature and GRIN dependence of 

modal gain characteristics with in TE and TM mode 

have been studied. Under simulation, the anti-guiding 

factors (a substantial parameter for optical gain) along 

with modal gain as a function of photonic energy and 

lasing wavelength at different temperatures have also 

been investigated. The maximum gain is achieved in 

the NIR (near infra-red) region at the wavelength 

~1.40 µm and ~1.25 µm in TE and TM polarization 

modes, respectively, hence such nano-heterostructures 

are very useful as a source of wavelengths in the NIR 

(near infra-red) region. 
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