Chapter 2
The DSL in NIPI Structures
of Non-Parabolic Semiconductors

2.1 Introduction

In this chapter in Sect. 2.2.1, of the theoretical background, the DSL in NIPI
structures of non-linear optical materials has been investigated. The Sect. 2.2.2
contains the results for NIPI structures of III-V, ternary and quaternary com-
pounds in accordance with the three and the two band models of Kane together
with parabolic energy bands and they form the special cases of Sect. 2.2.1. The
Sects. 2.2.3, 2.2.4 and 2.2.5 contain the study of the DSL for NIPI’s of II-VI,
IV-VI and stressed Kane type semiconductors respectively. The Sects. 2.3 and 2.4
contain the results and discussion and the open research problems for this chapter.

2.2 Theoretical Background

2.2.1 Formulation of the DSL in NIPI Structures
of Non-Linear Optical Materials

The dispersion relation of the conduction electrons in NIPI structures of nonlinear
optical materials can be expressed by using (1.2) and following the method as
given in [1, 2] as

1\ 2m*
D(E) = V(B + s(®) (1 + ) S on(E) )
2 1 ’ ’
where wg(E) = (%)2 0,(E) = % {%(EW‘<E[3/L<;(;'2(EW3(E)] }, no denotes the

surface electron concentration per unit area for this chapter, d; is the super-latice

period and n; (= 0, 1, 2...) is the miniband index for NIPI structures.
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The subband energy (Ej,;) can be written as

1\ 2m*
W1 (Erni) = Y3(Eni) (ni + E) THwS(Em) (2.2)

The density-of-states function for NIPI structures of non-linear optical materials
can be expressed as

zmmazizymammE—mm (2.3)
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where  Ru(E,n) = [Ty (Esn)] - and Tt (Eony) = [ (E) = s (E) o +3)
2 wog () o (E)) ™!

The electron concentration, can be written as

Mimax

Z Tsi(Epn,ni) + Tsz(EFn,ni)l (2.4)
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where Ep, is the fermi energy in the present case, Tsi(Ery,n;) = [, (Ep) —
_ 2m* — _ _ s _
V3 (Ep) (ni + %) 5L 08 (Epa)] [ (Epn)] "and Tyo(Epny i) = 32 L(r) Tyt (Egny ).
r=1

The 2D DSL in the electric quantum limit in this case is given by

62 6n0 !
Lp=|——won—"—"% 2.
20 |:2SSC a(EFo - El"o)] ( 5)

where ny,, E r, and E),, are the surface electron concentration per unit area, Fermi
energy and sub-band energy at the electric quantize limit respectively.

Using (2.4) at the electric quantum limit and under the condition of extreme
degeneracy together with (2.5) we can investigate L,p.

2.2.2 DSL in the NIPI Structures of III-V, Ternary
and Quaternary Semiconductors

(a) The electron energy spectrum in NIPI structures of III-V, ternary and qua-
ternary materials can be expressed from (2.1) under the conditions
A=A =A, 5:0andmi =m| =mc, as

K>

. (2.6)
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where

=

wo(E) = (%) . (2.7)

The sub-band energies (E,,;) can be written as

5 (Exi) = (ni + ;) hag(Eyi) (2.8)

The density-of-states function in this case can be expressed as

Megy Mimax
NN]p[(E) = n—;;gz Z Rgz(E7 I’l,)H(E — E2ni) (29)
n;=0
where Ry (E,n;) = [T§5(E,n;)] and [Ts3(E,n)] = {{I(E)] — (n; + 1) A[wo(E)]}
The use of (2.9) leads to the expression of the electron concentration as

Mimax
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no =35 ;[Tw(EFn,n,-) + Taa(Epns i) (2.10)
whege T83(EFn7ni) = [Ill(EFn) — (l’l,’ + %)ha)g(EFn)] and T84(EF,,,ni) = ZL(}’)
Ts3(Epn, ;). =

Using (2.10) at the electric quantum limit and under the condition of extreme
degeneracy together with (2.5), we can investigate L,p.

(b) For the two band model of Kane, the expressions of the dispersion relation, the
DSL, the sub-band energies, the density-of-states function and ny remain same
where

In(E) = E(1 +aE), {I;1(E)} = (1 + 20E) and {I,;(E)}" = 2a.

Using (2.10) at the electric quantum limit, the condition of extreme degeneracy
and the said substitutions together with (2.5), we can study DSL in this case.

(c) For parabolic energy bands, the forms of the expressions of dispersion relation,
the DSL, the sub-band energies, the density-of-states function and ny remain
same, where 11, (E) = E, {I;;(E)} = 1 and {I,;(E)}" = 0.

Thus, we observe that the DSL in this case is a constant quantity as written in

the preface under the conditions of extreme carrier degeneracy and electric
quantum limit respectively.

2.2.3 DSL in the NIPI Structures of II-VI Semiconductors

The carrier dispersion law in NIPI structures of II-VI compounds can be expressed
as
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1
1 - nolel \’
E = agkf + (fl,’ + E) howyg = /loks, (i)lo(E) = (ﬁ) (211)
sl

The sub-band energies (E3,;) can be written as

1
Es, = (l’l,’ + E)ha)lo (212)
The density-of-states function in this case can be expressed as
m* g Mimax asy
Nyip1(E) = —% l — ——|H(E — E3;) (2.13)
nh2 }112::0 VE + bgl(ni)

. . ) _ T \2
in which, ag; = 2\/0% and bg;(n;) = [ﬁ [(/10) —4a; (ni + %)ha)mﬂ.

The use of the (2.13) leads to the electron concentration under the condition of
extreme degeneracy as

nop = gv’;; > (Era = Bz + (o) min7%) (2.14a)

™ iso

By using (2.5) and (2.14a) at the electric quantum limit, we obtain the
expression of 2D DSL as

Lop = [(2enh?®) [ (e*m’ gv)] (2.14b)

2.2.4 DSL in the NIPI Structures of IV-VI Semiconductors

The carrier energy spectrum in NIPI structures of IV-VI compounds can be
written as

k2 = (hzslg,)’l {—SZO(E,n,-) + \/Sgo(E, n;) + 481085 (E, n,-)] (2.15)
in which, Sio= (2-). Sw(Em) = {k — () + L 4 2 (4 )
T(E) + 52 (ni + %)T(E)}
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The subband energies (E4,;) can be written as

E U T(E4n) +1 1 + oEsy ++ Ui T(E4n) +1
TR — ni)\ i T 5 OL4ni Xo—F ni) \ i T 5
T o 2 * 2mf 2
n 1
= T(Egqni)| ni + = 2.16
o 7)1+ 3] 2.16)
The density-of-states function in this case assumes the form as
Nyipi(E) = %ZRM(E, ni)H(E — Eqi) (2.17)
n;=0
where R84(E, }’li) = [TéS(E, I’ll)] and [T85(E, I’l,)] = [7S20(E, l’ll)+

VS50 (E, ni) + 4819521 (E, 7))
The use of (2.17) leads to the expression of the electron concentration as

Nimax

B [Ts(Epny i) + Tss(Ery )] (2.18)
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where, Tgs(Epy,n;) = [_SZO(Eani> + \/[Szo(Eani)]z+4519521(EFn7"i) and
— S —
T36(Epn,ni) = Y L(r)Tss(Epn, 1i).
r=1

Using (2.18) at the electric quantum limit and under the condition of extreme
degeneracy together with (2.5), we can investigate Lp.
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2.2.5 DSL in the NIPI Structures of Stressed Semiconductors

The electron dispersion law in the NIPI structures of stressed semiconductors can
be written as

K2 ks 1 2m (0 1
— X 5 + — J 3 + — 5 mz( ) (n,- + E)a)lz(E) =1 (219)
[ao(E)]"  [bo(E))”  leo(E)]" P
.o\l
where wy;(E) = (d‘—m'u;)) and m? (E) = 12¢0(E) £ [¢o(E)).
The subband energies (Es,;)can be written as
1 2m’(0) ( 1)
—_—— ni + = | o(Eswi) =1 (2.20)
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The density-of-states function can be expressed as

Mimax

mpt ZRSS E nl E - ESni) (221)
where Rys(E,n;) = [C4(E,ni)] and  C3(E,n;) = ao(E)bo(E) [1 =20 (i, 4 1)
o (E)
(@(E))*
Thus, using (2.21), the electron concentration in NIPI structures of stressed
compounds can be written as

Mimax

Z[Cq(EF,,, )+ Ca(Eny )| (2.22)
=0

WhereC3(EF,,,n,-) = ZIQ(EF,Z)B()(EF”) |:] —
> L(r)Cs (Epny i)
r=1

Using (2.22) at the electric quantum limit and under the condition of extreme
degeneracy together with (2.5), we can investigate Lop.

8v

nop =
2n

2m; (O)

(i +3) <“"(( JandCa;(EFm n) =

2.3 Results and Discussion

Using the appropriate equations with the energy band constants as given in Table
1.1, the normalized inverse DSL in the quantum limit has been plotted for the NIPI
structures of Cds;As, as a function of electron concentration as shown in curve (a)
of Fig. 2.1. The curve (b) corresponds to 6 =0 and the curve (c) exhibits the
dependence of the inverse DSL on ng in accordance with the three-band model of
Kane, respectively. The plots (d) and (e) correspond to the two-band model
of Kane and that of parabolic energy bands. By comparing the curves (a) and (b) of
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Fig. 2.1 The plot of the normalized inverse DSL in the quantum limit for NIPI structures of
Cd;As, as a function of electron concentration in accordance with (a) the generalized band
model, (b) 6 = 0, (¢) the three band model of Kane, (d) the two band model of Kane and (e) the
parabolic energy bands

Fig. 2.1, one can assess the influence of crystal field splitting on the inverse DSL
in NIPI structures of Cd3As,. The Fig. 2.2 represents all cases of Fig. 2.1 for NIPI
structures of CdGeAs, as an example. It appears from Figs. 2.1 and 2.2 that, the
inverse DSL in NIPI structures of tetragonal non-linear optical materials increases
with increasing carrier degeneracy as expected for degenerate materials.

Using the appropriate equations one can numerically evaluate the inverse DSL
in the quantum limit as a function of electron concentration in NIPI structures of
III-V compounds by using the NIPI structures of InAs, and InSb as shown in
Figs. 2.3 and 2.4 by curves (a), (b) and (c) respectively, in accordance with three
and two band models of Kane together with the model of parabolic energy bands.

Taking NIPI structures of Hg;—,Cd,Te as an example of ternary compounds,
the inverse DSL has been plotted for both the structures as a function of electron
concentration as shown in Fig. 2.5 for all cases of the Fig. 2.3. It appears from the
Fig. 2.5 that the inverse DSL in the quantum limit in both cases of NIPI structures
of ternary compounds increases with increasing electron concentration. Taking
NIPI structures of In;_,Ga,As P;_, lattice matched to InP as an example of
quaternary compounds the inverse DSL in the quantum limit has been further been
plotted as a function of electron concentration as shown in Fig. 2.6 in accordance
with the three and two band models of Kane together with the isotropic parabolic
energy band model for both the cases.
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Fig. 2.2 The plot of the normalized inverse DSL in the quantum limit for NIPI structures of
CdGeAs, as a function of electron concentration in accordance with (@) the generalized band
model, (b) 6 = 0, (c¢) the three band model of Kane, (d) the two band model of Kane and (e) the
parabolic energy bands
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Fig. 2.3 The plot of the normalized inverse DSL in the quantum limit for NIPI structures of InAs
as a function of electron concentration in accordance with (a) the three band model of Kane,
(b) the two band model of Kane and (c) the parabolic energy bands
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Fig. 2.4 The plot of the normalized inverse DSL in the quantum limit for NIPI structures of InSb
as a function of electron concentration in accordance with (a) the three band model of Kane,
(b) the two band model of Kane and (c) the parabolic energy bands
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Fig. 2.5 The plot of the normalized inverse DSL in the quantum limit for NIPI structures of
Hg;_1Cd,Te as a function of electron concentration in accordance with (@) the three band model
of Kane, (b) the two band model of Kane and (c) the parabolic energy bands
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Fig. 2.6 The plot of the normalized inverse DSL in the quantum limit for NIPI structures of
In;_,Ga,As P, _, lattice matched to InP as a function of electron concentration in accordance
with (a) the three band model of Kane, (b) the two band model of Kane and (c) the parabolic
energy bands

It appears that the inverse DSL increases with increasing ny and from Figs. 2.5
and 2.6, one can assess the influence of energy band constants on the inverse
normalized DSL for NIPI structures of ternary and quaternary materials respec-
tively. Using appropriate equations, the inverse DSL in the quantum limit has been
plotted for the NIPI structures of CdS, as a function of carrier concentration as
shown by curves (a) and (b) in Fig. 2.7 for both Ay # 0 and 4y = 0 respectively.
This has been presented for the purpose of assessing the influence of the splitting
of the two spin states by the spin- orbit coupling and the crystalline field on the
inverse DSL for NIPI structures of II-VI materials. Using appropriate equations, in
Fig. 2.8, the inverse DSL in the quantum limit has been plotted for the NIPI
structures of (a) PbTe, (b) PbSnTe and (c) Pb;_,Sn,Se as a function of electron
concentration in accordance with the Dimmock model. For relatively low values of
electron concentration, the values of the inverse DSL for the three materials
exhibit convergence behavior whereas for relatively large values of ng, the
numerical values differ widely from each other in this case. Using the appropriate
equations, in Fig. 2.9, the inverse DSL in the quantum limit has been plotted for
the NIPI structures of stressed InSb as a function of electron concentration. The
plot (a) of Fig. 2.9 exhibits the inverse DSL in the presence of the stress while the
plot (b) shows the same in the absence of the stress.

In the presence of the stress, the magnitude of the inverse DSL is being
increased as compared with the same under stress free condition.
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Fig. 2.7 The plot of the normalized inverse DSL in the quantum limit for NIPI structures of CdS
as a function of carrier concentration in accordance with (a) 19 # 0 and (b) 4o =0
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Fig. 2.8 The plot of the normalized inverse DSL in the quantum limit as a function of electron
concentration for the NIPI structures of (a) PbTe, (b) PbSnTe and (c¢) Pb;_,Sn,Se
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Fig. 2.9 The plot of the inverse DSL in the quantum limit as a function of electron concentration
for the NIPI structures of stressed InSb in which the curve (a) is in the presence of stress and
curve (b) is under absence of stress

2.4 Open Research Problems

(R.2.1)

(R.2.2)

(R.2.3)
(R.2.4)
(R.2.5)

(R.2.6)

Investigate the DSL in the presence of an arbitrarily oriented non-
quantizing magnetic field for NIPI structures of non-linear optical
semiconductors by including the electron spin. Study all the special cases
for III-V, ternary and quaternary materials in this context.

Investigate the DSL in NIPI structures of IV-VI, II-VI and stressed Kane
type compounds in the presence of an arbitrarily oriented non-quantizing
magnetic field by including the electron spin.

Investigate the DSL for NIPI structures of all the materials as stated in
R.1.1 of Chap. 1.

Investigate the DSL for all the problems from R.2.1 to R.2.3 in the
presence of an additional arbitrarily oriented electric field.

Investigate the DSL for all the problems from R.2.1 to R.2.3 in the
presence of arbitrarily oriented crossed electric and magnetic fields.
Investigate the DSL for NIPI structures of the heavily—doped semicon-
ductors in the presences of Gaussian, exponential, Kane, Halperian, Lax
and Bonch-Burevich types of Band tails for all systems whose unper-
turbed carrier energy spectra are defined in R1.1 and R1.2 respectively.
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(R.2.7) Investigate the DSL for NIPI structures of the negative refractive index,
organic, magnetic and other advanced optical materials in the presence of
an arbitrarily oriented alternating electric field.

(R.2.8) Investigate the DSL for all the NIPI systems of this chapter in the
presence of finite potential wells.

(R.2.9) Investigate the DSL for all the NIPI systems of this chapter in the
presence of parabolic potential wells.

(R.2.10) Investigate all the appropriate problems of this chapter by including the

many body, image force, broadening and hot carrier effects respectively.

(R.2.11) Investigate all the appropriate problems of this chapter by removing all

the mathematical approximations and establishing the respective
appropriate uniqueness conditions.
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