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Abstract.  In this paper, we calculate the luminescence of the
dilute quaternary InAs(N,Sb). The theory starts with the band
anticrossing model applied to both conduction and the valence
band to generate input for analytical approximations that lead to
luminescence spectra, including relevant many body effects. Direct
application of the equations leads to good agreement with recently
measured experimental data.

1. Introduction

One of the most widely studied dilute semiconductors is INAsN [1-4]. Similar to other
I11-V dilute semiconductors, InAsN exhibits a very large energy band gap bowing
which is due to the remarkable variations in the atomic sizes and electronegativity [5]
between the nitrogen and InAs. This results in the substitution of a small fraction of the
N atoms for InAs and hence the conduction band is perturbed by the N-impurity
localized state which is usually below the conduction band edge of InAs. The
mechanism of the resulting conduction band edge reduction has been explained by the
so called conduction band anticrossing model [9, 14]. A further improvement has been
reported [2, 3] on the spectral qualities of InAsN by the introduction of Sb ion. This
yields a narrower band gap InNAsSb alloy semiconductor, and has been successfully
done using Sb flux in molecular beam epitaxy and a redshift in band gap on the
incorporation of Sb has been reported [5]. The band gap engineering by incorporating
Sb ion is known to emit at the spectral range between 3 and 5 um, which is a potential
candidate in medical diagnostics and free space communication and atmospheric
pollution sensors [6, 7]. Also, strained InAsSNSb epilayers on InAs substrate for LED

applications have been reported [2]. Just as the presence of the N impurity reduces the



conduction band edge, the incorporation of Sb increases the valence band edge thereby
causing a further reduction in the band gap [6]. In fact it has been noted that the roles of
Sb in InAsN are to serve as a surfactant [2, 5] and also that when a little amount is
incorporated into the lattice it can be used to tune the band gap of InAs(N,Sb) [2]. This
paper extends the formalism developed in Ref. [8] and delivers very good agreement
between theory and recent experimental data found in the literature.

2. Outline of the mathematical model and material properties

2.1 Bandstructure

The incorporation of Sb in InAsN semiconductor yields an alloy of the

formInAs_,  N,Sb . Here xand yare N and Sb mole fractions respectively. In the

1-x-y

treatment of the band gap energy of InAs,_, N Sb alloy, the band anticrossing model is

1-x-y
applied on the conduction band and the valence band since the reduction of the band
gap energy is due to the presence of both N and Sb impurities. At the conduction band,
N is substituted in small amount for the As—atom in the binary InAs introducing an
N — isoelectronic level. A similar approach has been applied in the study of GaAsNSh
[9]. The solutions of the resulting dispersive eigenstates give doubly degenerate

subbands described by the conduction band anticrossing model (BAC)

ES(k)= %[EN e ()2 y[EY B )] +4vN2x}, (1)

Here EM, E.,.and V, are the N- isoelectric level, conduction band edge energy and

the matrix element describing the coupling constant between the N- impurity level and
the extended conduction band state. Similarly, in the valence band, the presence of the
Sbatom introduces an impurity state below the valence band maximum of InAs. This
supports the application of the result of a 12 x 12 band k-p method [10] for valence

band anticrossing model with the subband energy eigenvalues
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where H and L, denote the valence band energies for the heavy-holes (hh) and light
hole Ih band respectively band of the binary InAssemiconductor. The spin orbit split-
off energy (SO) is denoted by S . Within the 12 x 12 k-p band the energies are given
as,H =—n°k*/2m,, + AE 5, y , L=—1’k?/2m,, + AE, yand

S =(H+L)—-A,—AEg,y respectively, where A,, m,and m,, are the spin orbit, light-
hole and heavy-hole effective masses of InAssemiconductor. The impurity levels of the
heavy holes and the spin orbit split-off bands are denoted by E*"and
[ 55-50

respectively. The matrix element for the coupling constant which describes the

interaction between Sb and the valence band states is denoted byV,, . The theoretical

value of the band gap of the quaternary InAs,_, N, Sb, alloy can thus be obtained taking

1-x-y
into account the virtual crystal approximation (VCA), as the difference between the

band extremaE“andE". In this case the band extrema are given as E°=E°—AE,

andE' =E™ - AE,, where AE.and AE,are the conduction and valence band

discontinuities between the end point binaries i.e. InAsandInSb. The valence band

positions E,, . and E, ., of the binaries InAsand InSbcan be calculated [11] by using

E E +Agmas /3 ANAE, gy = Epyinsp T Ao nsp/3-  Their  corresponding

v,InAs — vav,InAs

conduction band positions are Ecinas = Evinas T Eguinas and
E. insb = Evinso + Eg.insp €SPectively.  The spin orbit split-off energy position are
calculated Eqopn = Evuvinse =2A¢ nas /3 @NA E o160 = Evvinss =244 1, /3. Here E,, and

A, represent the average valence subband and spin orbit energy of InAsor InSb

semiconductor respectively. The conduction, valence and spin orbit split-off band
discontinuities between the binaries InAsand InSbare then respectively evaluated as
AE. = Ec,lnm - Ec,InSb’ AE, = Ev,InSb - Ev,lnm and AEg, = ESO,InSb - Eso,lnAc,-



2.1 Luminescence

The optical response of semiconductor materials can be obtained by self-consistent
evaluation of Many body Nonequilibrium Green's Functions (NEGF), which have been
successfully applied to intersubband [12-14] and interband transitions [15-16] in
quantum wells and superlattices. This paper starts from an approach that can also
describe superlattices as effective 3D anisotropic media [17] and leads to very accurate
approximations. Starting from the equation for the interband polarization, an analytical
solution for semiconductor luminescence has earlier been derived in Ref. [8] a

microscopic approach,

L(w)—u[“’}gl{fzf“j[ 1L HA_EJ +2x]dg sinh 19§ 5F(A—¢)}’ 5)

E, | e/ 41 g . !,. cosh zg+/¢ —cosh /g9 ? —4g
where, here L, =|g)|2E§nb/7r2 n’c*al, @, n,, c,E, and a, are is the dipole matrix
element, background refractive index, speed of light in vacuum, exciton binding energy
and Bohr radius respectively. ¢, gand u are the integration variable, inverse thermal
energy and quasiparticle chemical potential with respect to the band gap energy of the

dilute nitride material E_. The probe photon energy 7w is detuned by A = —E, /E,,

where E is renormalized, following the standard Mott criterion as reported in ref. [17].

The bound state energies are given as E, = —EO(I g™ )2 . The integral runs from ¢ =1
through the square root of the band state factor g. The optical properties depend largely
on the band gap of the quaternary alloy which is influenced by Sb and N mole
fractions. In fact, one would expect a much stronger dependence on N mole ratio than
Sb mole since it's only a small part of the latter that enters the lattice of the quaternary
alloy [4]. The distribution of the N mole fractionx, is expected to cause an
N, Sb, alloy.

inhomogeneous broadening of the photoluminescence spectra of InAs, , |

Here, the inhomogeneously broadened luminescence is approximated as a statistical

average of the homogeneously broadened luminescence spectra
Lin(@)= [ L(@, )G (x)dx, (6)

Here, G(x) is the Gaussian linewidth having a nominal N- mole fraction x, and

standard deviation o, given by G(x)=1/\2zc,e **/27%)  Details of all expressions

above are given in Ref. [8]. The goal of this paper is to extend the approach to



quaternary materials and describe corresponding experimental results. In the simulations
presented next we just considered a distribution G(x) (Nitrogen related) and let y (Sb) as

a fixed parameter.

3. Numerical results and discussions

In our calculations, the N impurity level is taken with the form E™ = EN° —ax, where
the value EN°=1.48eV [5], instead of the tight binding approximation values of
EN% =1.36eV in Ref. [1], usinga =2 from Ref. [1, 5]. The free fitting parameter V,, is

taken asV, = 2eV , following Ref. [18]. The position of the Sb level E® =1.0eV [9]
the corresponding spin orbit splitting energy impurity level, E®*°° =1.6eV and the free
parameter for the valence band V,, =1.05eV , were used in the calculations [9, 19].

Figure 1 shows the schematic diagram of the band lineup of InAs,_ _ N,Sb using the

1-x-y

BAC model.
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Figure 1. Band schematics of InAs,__ N, Sh, dilute semiconductors.

The conduction band (CB) minimum is controlled by the N -mole fractions and the
valence band (VB) maximum is controlled by the Sh- mole fraction. The Virtual crystal
approximation is used to introduce the small band offsets AE.and AE, between the
constituent InAsand InSb. At zero doping level, i.e. y=0 andx =0, the band gap of
the semiconductor is simply Eg, INAs as depicted in the diagram above. The material is
completely InAsN when the Sb mole fraction isy=0 and the N - mole fraction is

increased to a small amount X. In this case the band offsets are zero and the valence

band maximum will be that of InAs, instead of InAsSbas can be seen in the diagram. A



narrower band gap InAs,, N,Sb, is obtained when bot Shand N -impurities are

present. Figures 2(a) and 2(b) below depict the band structure of InAs,_,_ N Sb with a
lattice temperature of 295 K, calculated for the mole fraction combinations (a) 1.4%N,
4.1%Sb and 1.8%N and 7.3%Sb. The plots show the dispersions as depicted in
equations (1) to (3) above. The dotted lines show the dispersions of the host binary
semiconductor, while the solid lines show the corresponding dispersions of dilute

quaternary semiconductor.
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Figure 2. Band structure of InAs,__ N Sb, . (a) 1.4%N, 4.1%Sb and (b) 1.8%N, 7.3%
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Sh.

Figure 3 compares the computed and experimentally measured luminescence for the
different mole fractions. Using the inhomogeneously broadened luminescence given in
Eq.6 above, a simple Gaussian distribution with standard deviation o, =0.0025 was
sufficient to obtain a spectrum with a reasonable linewidth. All through the calculations,

the density used was n=10"carriers/cm®. The calculated luminescence spectra are in

good agreement with the reported experimental results in Ref. [1].
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Figure 3. Luminescence of InAs_, N, Sb dilute semiconductor. The plots are the

calculated luminescence spectra and the inset plots are the measured luminescence
extracted from Ref. [1]. The lines are (from left to right) : 1.8%N, 7.3%Sb (blue);
1.6%N, 7.0% Sb (green); 1.4%N, 41% Sb (red); 1.2%N, 2.6% Sb (cyan).

In Figure 4, the luminescence spectra at different carrier temperatures are depicted for
two different sample compositions.
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Figure 4. Calculated luminescence of InAs,, N, Sb . (a) 1.4%N, 4.1%Sb and (b)

1-x-y

1.8%N, 7.3% for different temperatures increasing from 10 K to 295K.



The dependence of the free carrier energy band gaps with temperature are given by the

Varshni relation for the host binary material InAsgiven in Ref. [20],
Eg:Ego—aOTz/T +/f,, where E is the low temperature band gap of binary
InAs E, =417meV ,a,and S are the Varshni parameters given by a, =0.76meV /K,
S, =93K. A close look at the plots for the carrier temperatures 10-80K suggests a

deviation from the Varshni relation. This is consistent and show similar features with

the curves reported in Ref. [1] and is shown in more detail in Figure 5.
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Figure 5. Temperature dependence of the peak luminescence of for the mole fractions
1.4%N, 4.1%Sb. The black square is calculated with our full many body approach, blue
circle is the free carrier and the red triangle is the experimental data extracted from
Ref. [1] for comparison.

In Figure 5, we present the luminescence energy peaks of InAs, , N, Sb, with respect to

1-x-y
temperature. The calculated emission peaks (black circles) with our full microscopic

approach containing the many body effect are in good agreement with the



experimentally measured luminescence energy emission peaks (red triangle) [1]. The
blue circles in Fig. 5 depict the free carrier luminescence at different temperatures

which dominate the entire spectrum when the bound state factor g — 0. For both the

calculated and experimentally observed luminescence, a blue shift is initially observed
at low temperatures ~10-80K before a gradual redshift at higher temperatures. The low
temperature blue shift is due to exciton ionization, showing clearly the importance of

our approach.

4. Conclusion

We have presented in this paper theoretical calculations of luminescence emission in

dilute quaternary semiconductors of type InAs,, N,Sb, The bandstructure was

1-x—-y
obtained by applying the conduction and valence band anticrossing model on the
nitrogen modified conduction band and the Sb modified valence band. The most
relevant many body effects were included in our efficient analytical approximations and
are necessary to explain the evolution of experimental data with temperature. The
results of our calculations show good agreement with recent experimentally observed

results.
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