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Abstract:

In nature every semiconductor material needs to be doped. Sometimes to nearly degenerate level, eg. In
applications such as thermoelectric, transparent, electronics or power electronics. However, many materials
with finite band gaps are not dopable at all, while many others exhibit strong preferences towards allowing
either p-type or n-type doping, but not both. In this work we develop a model of strained InGaAs/GaAsSh
double barrier quantum well heterostructure on InP substrate using the model solid theory. The matlab
program model was used to obtain the conduction and valence band offsets and their ratios,. These were
obtained theoretically by employing experimental binary band parameters obtained from literatures
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. Introduction

The use of semiconductor alloys and heterojunctions in recent years have led to the development of
major optoelectronic devices and detectors. Both theoretical and experimental researches have been carried out
on the properties of these materials/alloys in their applications. For instance low bandgap materials are required
for infrared detectors. The growth of these vital alloys (method of deposition) has a role to play in its
composition and modification of these material properties. These methods of growth have helped produced
alloys not only when the lattices are matched but also when they have different lattice constant ™. Quantum
wells are heterostructures in which a narrow bad gap thin layer with low potential energy of one semiconductor
is sandwiched between two layers of a different semiconductor material, thereby forming a heterojunction .
An essential feature is that the two semiconductors must have different energy gaps for optical applications, and
different refractive indices. The well materials are chosen such that electrons available for conduction in the
middle layer should have lower energy compared to that of the outer layers. This creates an energy dip (or well)
that confines the electrons in the middle layer ! .

GaAs, GaSh, InP, InAs semiconductors exhibit cubic symmetry ' with zinc blende or sphalerite
structure, with fcc lattice interpenetrating each other ©\. They are all having direct band gaps. GalnAs/GaAsSh
quantum well is a type Il heterojunction with an effective conduction band gap as small as 0.3 eV when lattice
matched InP. It is suitable for infrared generator and infrared detectors ! . Its band offset is an essential
parameter in interfacial structure which decides both transport and quantum confinement 1.

I Material And Methods
In growing a material on a substrate, the substrate and the layer ought to have the same crystalline
structure. They should not differ too much in lattice constants. If they do the heterojunction formed will be
strained which may result to dislocation .. In the absence of strain, if two material forms a heterojunction with
approximately same lattice constant or are lattice matched, the band lineup will determine how the band
structure of the two materials line up at the interface which later produces values for the band discontinuities .

The position of the topmost valence band of each will be given by !
Ny

Ey = Eypap +5 1)
While the split- off band-edge energy is given as
A
ESp.O =E, 0 — 23_0 2

where A, is the spin-orbit splitting energy, E, ., is the average valence band energy and E,, the valence band
energy. The conduction band is obtained by summing the valence band and the band gap of the material. ie
E.=E,+E,; 3
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The band lineup between these two materials 1 and 2 will be given by
AE, = Eq — E 4)
while the band-edge discontinuities is given by %!
AE, = E} — E? AE, = E2 —E}!
AE, + AE, = AE, ®)

The ratios of the band-edge discontinuities,Q,. = AEC/AE and Q, = AE"/AE are obtained from the theory and
g g

can be compared with experimental data

If a material with a lattice constant a,, is grown on a substrate with a lattice constant a, such that the lattice

constant are not the same along the z direction, we have the tensile strains ¢, = ¢, = =M and g, =
-2 %sxx for 001where C;, and C;; are the elastic stiffness of the material.
11
The hydrostatic strain corresponds to the change in volume
AV
Enydro = v o Exx T Eyy T &4, (6)
The band edge shift are
C
AEv,av = QyEnydro = —P, = 2&,a,(1 - C_ii (7
C
AE, = ac(exx + &y, + szz) =P. = 2¢,a.(1 —22) (8)

C11
The position of the average energy of the valence band E,, ;,, under strain is shifted from its unstrained position
E),, by=—P,is

Eyay = E‘I(i),(l'li —F )
We thus have the center of the valence-band-edge energy
E, = Ev,av+§=E19 —F (10)
the heavy-hole, light hole and spin-orbit split-off band edges are
Eyy = E) — P — Q. (11)
Eun = E9 — P =5 + %4 2[A2 + 20Q, + 9Q2]'/? (12)
Eso = EY — P, — >+ % —~[A% + 2AQ, + 9Q2]'/? (13)
The conduction band edge is shifted by P, given by
E.=E+ E,(2z) + P, (14)

Note that in the limit of a large spin-orbit split-off energy A>> |Q,|, we can ignore the coupling of the spin-orbit
split-off band and %

Ey=E) =P +Q: (15)
Eso =E0—P.—A (16)
Table 1: Calculated Parameters used as computed by interpolation

Compound GaAs GaSh InAs InSh InP
Lattice Constant at 300K (Anstrong A) 5653257  6.0959" 6.0583" 6.47941 5.86971
Energy band gap EJ at 300K (eV) 1.4241 0.8121% 0.4171% 0.235'% 1.4236%
E, 4, Absolute energy level -6.9201% -6.2501% -6.670% -6.091 -7.041
Spin-orbit splitting A, 0.341 0.76 0.39 0.81[ 0.108
Conduction band hydrostatic deformation 7179 -7.501 -5.08 -6.94 -6.00
potential a. (eV)
Valence band hydrostatic deformation -1.16M -0.80 -1.00® -0.36 -0.60
potential a, (eV)
Elastic stiffness C;, (GPa) 12219 884,21 832.91 684.71 10118
Elastic stiffness C,, (GPa) 5660 402.61 452,61 373.51 5615
Elastic stiffness C,, (GPa) 600 432.21 395,91 311.10 456
Valence band Offset VBO (eV) -0.803% -0.03® -0.591 ot -0.940

Table 2: Bowing parameters for ternary alloy materials for EJ,A,,VBO, E},E; and a,

Bowing Er A, VBO EX EL a.
Galn_As 0.4779 0.150 -0.38™ 1.400 0.330 2.610
Galn_Sb 0.415% 0.10% 0.00%! 0.33% 0.40%! ot
AsSb_Ga 1.431 0.60% -1.60 1.20 1.20% ot
AsSb_In 0.67% 1.20® of®! 0.60%! 0.60%! ot
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Applying the model solid theory for GaAs,Sb,_,/Ga,In,_,As, the average valence (absolute value) for
GaAs,Sb,_, and Ga,In,_,As can be evaluated as follows

E,a = xx Ev,av(Gads) + (1 — x).* Ev, av(InAs) + 3x(1 — x)[—a,(Gads) + a,,(InAs)].i—a a7
Where Aa = a(GaAs) — a(Inds) and ay= x.* a(Gads) + (1 — x).* a(InAs) ’

E,a = y* Ev,av(Gads) + (1 — y).* Ev,av(GaSh) + 3y(1 — y)[—a,(GaAs) + av(GaSb)].i—a (18)
Where Aa = a(GaAs) — a(GaSh) and ay=y.* a(Gads) + (1 — y).x a(GaSh) ’

The ternary alloy of In,Ga,_,As and GaAs,Sb;_,, provides a wide continuous range of bandgap values with a
small associated change in the lattice constant. The energy bandgap of In,Ga,_,As and GaAs,Sb;_, are
modeled with both temperature and compositional dependence.
The compositional dependence of the principal bandgap of In,Ga,_,As and GaAs,Sb,_,, shows a nonlinear
increase of the bandgap with increasing Indium-content. It is modelled by the empirical equation

Ej(InGaAs) = xE{ (InAs) + (1 — x)E{ (GaAs) + x(1 — X)C(mca)as ~ (19)

Similarly
Ej(GaAsSb) = xEf (GaAs) + (1 — x)EJ (GaSh) + x(1 — x)Cgq(assp)y  (20)
With x and c= -C, representing the mole ratio of In and the bowing parameter respectively. The value of the
bowing can be obtained from the literature.
The temperature dependence of the bandgap modeled by the empirical Vershni equation is
aT?
E,['(T) = E,(T = 0) — = @) (21)
Where a and 8 are the empirical fit parameters
The energy difference between the top of the valence band and the I'" point, Ga, In,_,As at T=0K [11] is given
by,
Er =0.417 4+ 0.625x + 0.477x2 (22)

Table 3: Energy band gaps of InAs, GaAs, GaSbh and their respective empirical fitting parameters obtained
from Vurgaffman et al 2001

Egat 0 K, eV ain eV B,in K
InAs 0.417 2.76 X 107 93
GaAs 1.519 5.405 X 10 204
GasSh 0.812 417 X 10* 140

Tabled: Bowing parameters for some ternary alloys obtained from Vurgaffman et al 2001

Ternary Bowing parameter C
(Galn)As -0.477
(AsSh)Ga -1.43

The carrier densities are function of the effective density of state in the appropriate band (conduction
for n-type and valence for p-type), the Fermi energy level in the material (which is a function of temperature and
dopant concentrations), and the temperature as given by the following equations:

_Ec-Ep

n=N.e EKB; (23)
_EfF-Ey

p=N.e KsT (24)

where n is the electron density, p is the hole density, N¢ is the density of states in the conduction band, Ny is the
density of states in the valence band, E¢ is the conduction band energy level, Ey is the valence band energy
level, E is the Fermi energy level, kg = 1.38.10% J/K is the Boltzmann constant, and T is temperature.

I11. Result and Discussion
Temperature dependent bandgap shows significant band gap reduction with increase in the
compositions of indium and temperature by Vashni. The results when compared to previous experimental works
matches for each of the compositions of Indium in InGaAs. This temperature dependent band gaps were
calculated using the method described earlier.
Tables 5 give the summary of the Band gap of InGaAs for varying compositions of Indium.
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Table 4: Band gap values of different concentrations of Indium at different Temperature

Bandgap of | temperature 0K 100 K 200 K 300 K 400 K 500 K 600 K
InGaAs

In 053 Ga 047 As (V) 0.8161 0.800 0.772 0.736 0.7001 0.6640 0.6267
In g50 Ga 040 As (eV) 0.7433 0.7276 0.6993 0.6668 0.6323 0.5967 0.5605
In .70 Ga 930 As (eV) 0.6474 0.6321 0.6050 0.5742 0.5418 0.5084 0.4745
In 980 Ga 020 As (eV) 0.5611 0.5461 0.5202 0.4912 0.4608 0.4296 0.3980
In 990 Ga 010 As (eV) 0.4843 0.4696 0.4450 0.4177 0.3893 0.3604 0.3310
In 95 Ga 005 As (eV) 0.4494 0.4350 0.4110 0.3846 0.3572 0.3293 0.3011

Bandgap dependency with Temperature
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Figures 1 and 2 illustrate the temperature dependency of both InGaAs and GaAsSh at specific
concentration of Indium. It reveals that as the temperature induced on these materials is increased, the band gap
of these materials reduces. When the indium concentration was 0.53 at 0K, the band gap was about 0.815 eV.
This value deceases to about 0.489 eV for 0.9 composition of Indium at 0 K. Figure 3 and 4 illustrate the
electron/hole concentration for an intrinsic semiconductor of IngssGag47As and GaAsgsiShy4e at varying
temperature. It reveals that there was an exponential rise in the electron- hole concentration as the temperature
increases. This implies that at higher concentration, more electron-hole concentration at the conduction and
valence band will be formed.

At low concentration, we observe that there concentration of electron/hole in the intrinsic
semiconductor increased linearly with temperature. But increasing the range of temperature we observe the
curves form. At 300 K we have the electron/hole concentration for Ings3Gags7As and GaAsysSby 49 t0 be
7.2189e+011and 1.0492e+012 respectively. This implies that Ings3Gag 47As semiconductor has less electron/hole
compared to that of GaAsy s;Shg 49 SeMiconductor.

Tables 4.2 shows the effective masses, effective density of states for the conduction and valence band
and the intrinsic carrier concentration for GaAs, GaSh, InAs, Ing 3 Gag 4;As and GaAs, 51 Sbg 49 at 300K. In the
case of the valence band, only heavy and light hole bands were considered as the spin orbit band is sufficiently
shifted, it can be ignored. Table 6 gives the summary of the intrinsic properties of InGaAs and GaAsSb quantum
well
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Table 6: Summary of the effective mass, effective density of state for conduction, valence band, and intrinsic
carrier concentration for GaAs, InAs, GaSh, In, 5;Ga, 4;As and GaAs, 5, Shy 40at 300K

Compounds/ m, m, E, N, N, n;

Alloys

GaAs 0.067m, 0.4722 1.4225 4.3530e+017 8.1449e+018 2.1390e+006

InAs 0.026m, 0.4044 0.3538 1.0523e+017 6.4551e+018 8.8145e+014

Gash 0.041m, 0.2939 0.7267 2.0838e+017 3.9995e+018 7.2155e+011
Ingg3Gag 474s 0.0365 0.4337 0.7373 1.7501e+017 7.1684e+018 7.2189%e+011
GaAsgs,Shgse  0.0511 0.3640 0.7242 2.9008e+017 5.5125e+018 1.0492e+012

Variation of band offset with concentration
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Figure 5: Calculated band offset of the conduction and valence for the compressively strained Ga,_,In,As /
GaAsys1Sbg 49 type 1l quantum well.

Figure 5 and 6 shows that as the concentration of Indium is increased, the band offset increases because
of the decrease in the band gap of the composite alloy of InGaAs. When the material was strained, there was an
improvement in the conduction band and a decrease in the valence band.

From the figures, the ratio of the discontinuous in the band reveals that the linearity in the band
discontinuity changes at lower concentration of the indium in InGaAs. At 0.55 - 0.6 molar concentration of

Indium, we obtain something like a curve. This will be seen clearly if we plot at lower molar concentration of
Indium
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Variation of band offset with concentration
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Figure 6: Calculated band offset ratios of Q” and Q¢ for the compressively strained Ga,_,,In, As /
GaAs,s15bg 49 type Il quantum well. The curve shows that as the concentration of Indium is increased

Varying the composition of Indium in InGaAs, the conduction band offset can be computed for both
strained and unstrained seminconuctor. The table below gives the conduction band offset for different molar
concentration of Indium Arsenide in Gallium Indium Arsenide using the solid model theory

Table 7: Band offset values at different symmetric well masses

Composition of Indium (x) Mass of the well Unstrained conduction Band Strained conduction band
Offset (eV) offset (eV)
0.53 0.0475 0.1929 0.1960
0.55 0.0467 0.2080 0.2020
0.60 0.0446 0.2439 0.2158
0.65 0.0424 0.2770 0.2282
0.70 0.0402 0.3073 0.2395
0.75 0.0380 0.3348 0.2496
0.80 0.0357 0.3595 0.2588
0.85 0.0333 0.3814 0.2670
0.90 0.0309 0.4006 0.2744
0.95 0.0285 0.4169 0.2810
1.00 0.0260 0.4305 0.2870

V. Conclusion
Model solid theory was employed to determine the band discontinuities as well as the ratio of the band
offsets. This theory is similar to the k.p theorem in perturbation theory. It is easy and explicit in usage.
The transport in the semiconducting material were also analyzed to obtain the drift and the diffusion
current, the mobility, carrier concentration, type of the semiconductors were also determine.
The effect of the increase concentration of the indium doping material at varying concentration were
also analyzed critically for both strained and unstrained material.
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