Chapter 2
The EEM in Nipi Structures of Nonparabolic
Semiconductors

2.1 Introduction

The concept of doping superlattices (SLs) was introduced by Esaki and Tsu [1] and
extensive work in this subject was initiated by Dohler [2—15]. In the compositional
SL the periodic potential is due to a change in the band gap of two materials. In
doping SLs, the periodicity is space-charge induced and in addition a homogeneous
material is used. With the advent of modern experimental techniques of fabricating
nanomaterials, it is possible to grow semiconductor SLs composed of alternative
layers of two different degenerate layers with controlled thickness. These structures
have found wide applications in many new devices such as photodiodes, photore-
sistors [16], transistors [17], light emitters [18], tunneling devices [19], etc [20-33].
The investigations of the physical properties of narrow gap SLs have increased exten-
sively, since they are important for optoelectronic devices and also since the quality
of heterostructures involving narrow gap materials has been greatly improved. It may
be noted that the nipi structures, also called the doping superlattices as mentioned
above, are crystals with a periodic sequence of ultrathin film layers [19, 20] of the
same semiconductor with the intrinsic layer in between together with the opposite
sign of doping. All the donors will be positively charged and all the acceptors neg-
atively. This periodic space charge causes a periodic space charge potential which
quantizes the motions of the carriers in the z-direction together with the formation
of the subband energies.

In Fig. 2.1a, the layers and the impurity types in different layers are shown. Elec-
trons from neutral donors recombine with neutral acceptors, leaving behind a net
space charge associated with ionized impurities. The concentration of the impurities
is shown in Fig. 2.1b. The periodic potential is due to three terms:

V(z) = Vimp(Z) + VH(2) + Ve (2),

where, V1 (z)is the Hartree potential of electrons and holes and V. (z)is the exchange
potential. The potential due to ionized impurities, Vimp(z)is obtained from Poisson’s
equation:
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Fig. 2.1 Periodic band edge modulation in an NIPI SL: a structure; b doping profile; and ¢ spa-
tial variation of conduction and valence band edges showing the development of the 1D periodic

potential

The Poisson’s equation in this case is given by, [34]

d2 Vimp 32
2 - S_sc[ND(Z) — Na(2)] (2.1a)

where, ¢ is the semiconductor permittivity, Np(z)is the donor concentration along

z-axis and Na (z)is the acceptor concentration along z-axis.
Energy levels for the z quantized motion for electrons are to be calculated self-

consistently from Schrodinger equation

Kz 92
[— — + V(z)] ¢ () =Ep(z) (2.1b)

2me 972

where m, is the effective electron mass, ¢ (z)is the electron wave function, and E is
the energy eigenvalue. The envelope function ¢ (z) is given by

¢(2) = D _exp(igmd) f (z — md) (2.1¢)
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where d is the period.
Some special features of this SL are stated below [34]:

1. When there are equal numbers of donors and acceptors in a period, i.e.,

dj2 dJ2
/ Np(z)dz = / Na(2)dz (2.1d)
—d)2 —d)2

there are no free carriers in the unexcited sample at low temperatures.

2. Assume that the thickness of the doping layers are equal: d, = d),, the doping
levels are uniform: Np = Nj, and also there is no undoped layer: d; = 0. The
periodic space charge layer is then due to impurity ions only. Vimp(z) is parabolic
in nature and has amplitude

2
Vo = & Npd?/8. (2.1e)
Es

The potential variation is sketched in Fig2.1c. The effective energy gap becomes
Eqy(eff) = Eq — 2Vo + Eco + Eno (2.11)
where, E.o and Ej are the energies of the first subbands. The envelope functions

¢ (z)in the tight binding approximation are harmonic oscillator functions and the
eigenvalues are expressed as

1\ 12
Eenzh(eND) |:n+1/2:|. 2.1g)

Eschle

One may therefore conclude from (2.1g) and calculated values that the effective
gap may be reduced from that in bulk material.

3. If the thickness of and/or the doping concentration in the n-layer is increased,
there will be a finite, two-dimensional electron concentration in the n-layers.
Therefore, it appears that the electronic structures of the nipi’s differ radically
from the corresponding bulk semiconductors as stated below:

(a) Each band is split into mini bands.

(b) The magnitude and spacing of these mini bands may be designed by the
choice of the superlattices parameters and

(c) The electron energy spectrum of the nipi crystal becomes two-dimensional
leading to the step functional dependence of the density-of-states function.

In Sect.2.2.1, of the theoretical background, the EEM in nipi structures of non-
linear optical materials has been investigated. Section 2.2.2 contains the results
for nipi structures of III-V, ternary and quaternary compounds in accordance
with the three- and two-band models of Kane together with parabolic energy
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bands and they form the special cases of Sect.2.2.1. Sections 2.2.3-2.2.5 con-
tain the study of the EEM for nipi’s of II-VI, IV-VI, and stressed Kane-type
semiconductors respectively. The Sect. 2.3 contains the results and discussion of
this chapter. The last Sect. 2.4 presents the open research problems pertaining
to this chapter.

2.2 Theoretical Background

2.2.1 Formulation of the EEM in Nipi Structures of Nonlinear
Optical Materials

The dispersion relation of the conduction electrons in nipi structures of nonlinear
optical materials can be expressed using (1.2) and following the method as given in
[34, 35] as

2 1\ 2mj
V1(E) = Y2 ()2 + 3(E) (ni + 5) ) (2.1h)
where
nole? '\ 12 (Y3(E) W1 (E)] — Y (E) [Y3(E)]
wg(E) = | —219 and91(E)E—[ 3 ! ! 3
ese [01(E)] 2 [Y3(E)?

and n; (= 0, 1, 2...) is the miniband index for nipi structures.
The EEM in this case assumes the form

2

I
m*(Efn, n;) = (7) Rg1(E, ni) 2.2

E= EFn
where,

2m’ 1
Rg1(E, ni) = [llfz(E)rZ |:W2(E) {[K”I(E)]/ - (ﬁ) [Y3(E) (Vli + 5) [wg(E)]

2mi"| . o o7
-5 [¥3(E)] (nz+5) [wg(E)]
Zm?‘| 1 ,
=1 (B)] - o [V¥3(E)] ("i + 5) [wg(E)] ¢ [¥2(E)]

and EF, is the Fermi energy in the present case as measured from the edge of the
conduction band in vertically upward direction in the absence of any quantization.
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From (2.2), we observe that the EEM is a function of the Fermi energy, nipi
subband index, and the other material constants which is the characteristic feature
of nipi structures of nonlinear optical materials.

The subband energy (E1,i) can be written as

1 2m|*|
Y1(Eni) = ¥3(E1ni) (ni + 5) TCUS(Elni) (2.3)

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

N max
g 1
Npipi(E) = vado > Rsi(E.nj)H(E — Eip)) (24)
n,-:O

in which dj is the superlattice period.
The electron concentration, can be written as

1 max

no = Zjvdo Z_O [Ts1(Epn, i) + Tso(Ern, )] 2.5)

where, Tgi (Epn, ;) = [wépn) — Y3(Ep) (ni + %) ﬂﬁws(ﬁm} [V2(Er)]

_ s _
and T32(Efn, n;) = » L(r)T31(EFn, ni).

r=1

2.2.2 EEM in the Nipi Structures of II1-V, Ternary
and Quaternary Semiconductors

(a) The electron energy spectrum in nipi structures of III-V, ternary and quaternary
materials can be expressed from (2.1) under the conditions A = A} = A,
§ =Oandm‘*‘ =m’ =mg,as

1 21,2
I (E) = ni + = ) hwo(E) + — (2.6)
2 2m,
1/2
nolel? '\
where wy(E) = — .
escl'(E)m,

The EEM in this case can be written as

m*(Epn, n;) = mcRg2(E, n) | p— gy, 2.7
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in which, Rs>(E, n;) = {[In(E) — (n; + 1) hlwo(E)T'}.

From (2.7) we observe that the EEM in this case is a function of the Fermi energy,
nipi subband index and the other material constants which is the characteristic
feature of nipi structures of III-V, ternary and quaternary compounds whose bulk
dispersion relations is defined by the three-band model of Kane.

The subband energies (Eopj)can be written as

1
I11(Eoni) = (”i + 5) hawy (Eay;). (2.8)

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

; max

> Rs2(E.ni) H(E — Eni). (2.9)

n;=0

me8y
ﬂﬁzdo

Nnipi(E) =

The use of (2.9) leads to the expression of the electron concentration as

1n; max

> [Ts3(Egn, ni) + Tsa(Ekn, ni)] (2.10)

ni=0

megy
7w h2dy

nogp =

where Tg3(Egn, 1) = [I11(Epn) — (ni + 3) hoo(Egy) | and Tga(Epn, 1) =
s —
2. L(r)Ts3(Epn, n;).

r=1

For the two-band model of Kane, the expressions of the dispersion relation, the
EEM, the subband energies, the density-of-states function, and ng remain the
same where

I(E)=E(1+aE), {In(E)}) =(+2eE) and {I11(E)}" =2a.

The EEM in this case can be written as

m*(Epn, nj) = me [(1 +2aEfpn) + (ni + %) hi[wo(Ern)] M]
(2.11)
From 2.11 we observe that the EEM in this case is a function of the Fermi
energy, nipi subband index and the other material constants due to the band
nonparabolicity only.
For parabolic energy bands, the forms of the expressions of dispersion relation,
the EEM, the subband energies, the density-of-states function ,and ng remain
the same, where 11{(E) = E,

{hi(E)Y =1 and {I;1(E)}" =0.
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The EEM can be written as
m*(Epn, nj) = me. (2.12)

From (2.12) we observe that the EEM in this case is a constant quantity.

2.2.3 EEM in the Nipi Structures of II-VI Semiconductors

The carrier dispersion law in nipi structures of II-VI compounds can be
expressed as

. 1 - nolel)
E = apk; + \n; + 3 hwio £ Aoks, wio = . (2.13)

smm‘*‘
Using (2.13), the EEM in this case can be written as

_ _ 1 —-1/2
m*(Egy, n;) = mj_ [1 — X |:()»0)2 + 4“(/)EFn — 4a6 (I’li + E) fw)lo]

(2.14)
Thus, the EEM in this case is a function of the Fermi energy, the nipi subband
index number and the energy spectrum constants due to the presence of only Ag.
The subband energies (E3pi)can be written as

1
E3p = (”li + 5) hw1o (2.15)

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

Naipi (E) = L8 nzm: [1 as1 :|H(E Ezni) (2.16)
nipi - ﬂﬁzd() — E + bg; (1) 3ni .

. . _ A — | L1732 1
in which, ag; = 2\/0(76 and bg; (n;) = [% [(Ao) — 4ay (ni + 7) hwlo]].

The use of the (2.16) leads to the electron concentration under the condition of
extreme degeneracy as

Nimg
gvmj max

T h?
ni=0

no = (Ern — Esni + Go)*m1n2) 2.17)



80 2 The EEM in Nipi Structures of Nonparabolic Semiconductors

2.2.4 EEM in the Nipi Structures of IV-VI Semiconductors

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

k= (W*S19)7"! [—Szo(E, n) + S3(E i) + 4819501 (E, n»} (2.18)

in which,
g ( o ) Sao(E.n) 1 (aE)+1+aE+ ah? ( +1)
=(—), n)=1— (= ni + -
o m;m; 20 ' my m m; 2ml+m; "2
T(E) + ol ( + 1)T(E)
_ (a2
2m; m;" 2

_ 1/2
 2m*(0) RN L _(_rolel®
TE)=—F 6()”(E)’m(O)_<m;‘+m‘)’ w”(E)_(escm*(E)) ’

1

(E)(0(E)) + 2t1(1 + 20E)
JB3(E) +4En (1 + aE)

o 1 1 aFE 1+aFE
= (atar) o3| Gr)- () (5)
((E) =2 (L_ - (%)) and
2\m m;

a ER? 1 h? 1
Si(E.nj) = | E(1 +aE) + —— (n,- + —) T(E)+ — (n,- + —) T(E)(1 + «E)
2ml 2 m 2

1
+h4( »+1)T(E)—( i )T(E)( -+1>
amrmt \"" 7T 2 om? )

Using (2.18), the EEM in this case can be written as

1
m*(E) = i —(n(E) +

m*(EFny”i) = R84(Evni)|E=EFn (219)
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where,

Rg4(E,n;) = (2519) !

i /
|~ ny + S20(E. nj) [S20(E. np)] + 2819 [S21(E. nj)]

2 1/2
[{[Szo(E,ni)]} +4319521(E,ni)]

Thus, one can observe that the EEM in this case is a function of both the Fermi
energy and the nipi subband index number together with the spectrum constants of
the system due to the presence of band nonparabolicity.

The subband energies (E4p;) can be written as

E ” T(E )( + 1)
L MM+ =
4ni 2ml_ 4ni i 2
h? 1 h? 1
x 1+01E4ni++0lﬁT(E4ni) ni+§ = 27 i ni‘f‘z .

(2.20)

The density-of-states function in this case assumes the form as

1 max

Z Rs4(E, ni)H (E — Ean) 2:21)

Nnipi(E) hzd

The use of (2.21) leads to the expression of the electron concentration as

n; max

& > [Ts(Ern, ni) + Tso(Eruni)] (2.22)

ng=————
27 h2S19dp =

where, Tgs(Epn, n;) = [—Szo(EFn, 1) + V1820 (Egns 1) > + 4819521 (Efn, ni)]

- s —
and T36(EFn, ni) = > L(r)T35(Egn, n;).
r=1

2.2.5 EEM in the Nipi Structures of Stressed Semiconductors

The electron dispersion law in the nipi structures of stressed semiconductors can be
written as
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ks + 4 L O ( + 1) (E)y=1  (223)
= n; —Jw = .
[ao(E)2 " [ho(E)2  [Co(E)? A 2) "

172

no el 5= a _
h Ey=| ——" d m*(E) = h2¢y(E)— [¢o(E)].
where w12 (E) Sscm?(E)) and m7 (E) co( )8E [co(E)]

The use of (2.23) leads to the expression of the EEM as

2
m*(Epn, n;) = (h—) Rss(E, n;) (2.24)
2 E=Ep,
where,
Rss(E, n;) = [[(@o(E))'bo(E) + (bo(E)) ao(E)]
8 |:1 B ;Zm*(O) ( 1)w (E)}
[Go(E)P 2) "
_ [ao(E)bo(E) 2m (0) ( 1) w 2(E)]/}
[Co(E)T? 2
ao(E)bo(E) [¢o(E)] 4m?(0) 1
- i - E .
+[ [Go(E)T h (" +2)[‘°”( ”H

Thus, the EEM is a function of the Fermi energy and the nipi subband index due
to the presence of stress and band nonparabolicity only.
The subband energies (Es,;)can be written as

1 2m*0)
[Co(Eani)]> R

(”i + %) w12(E4ni) = 1. (2.25)

The density-of-states function can be expressed as

1n; max

Z Rss(E, n;)H(E — Espi). (2.26)
ni=0

Nnipi(E) hzd

Thus, using (2.26), the electron concentration in nipi structures of stressed com-
pounds can be written as

1 max

Z [C3(Egn, ni) + Ca(Ern, ni)]. (2.27)
n;=0

8v
27rd
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Fig. 2.2 Plot of the EEM as function of superlattice period for n-Cd3As; considering Eq. (2.2) The
plots for three- and two-band models of Kane have also been exhibited with their corresponding
bulk values

where

1

)

2m*(0)
h

12(EFy)
(Co(Ern))?

)

C3(Efn, ni) = ao(Epn)bo(Ern) [1 -

(ni +

and

Ca(Epn, 1) = D L(r)C3(Epn, n7).

r=1

2.3 Results and Discussion

The effect of nipi superlattice period on the EEM has been exhibited in Figs. 2.2, 2.3,
2.4,2.5,2.6,2.7,2.8,2.9, 2.10 for different materials. Using (2.2) and (2.5) together
with the energy band constants as given in Table 1.1, we have plotted the EEM in nipi
structures of nonlinear optical materials taking Cd3Asy and CdGeAs; as examples
in Figs.2.2 and 2.3

From both Figs. 2.2 and 2.3, it appears that the effect of increment of the superlat-
tice period increases the EEM in the presence of extreme carrier degeneracy of the
order of 102> m™3. For comparison with the bulk anisotropic effective masses, we
have also exhibited the same in the said figures. It appears that the EEM can be much
less than that of the corresponding bulk values below 10 nm period for Cd3As,. Thus
in such condition, one can expect an increase in the carrier mobility to a great extent,
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Fig. 2.4 Plot of the EEM as function of superlattice period for n-InAs considering the three- and
two-band model of Kane with the corresponding bulk value

in fact almost double. The effect of crystal field splitting has also been exhibited in
the same Figs.2.2 and 2.3.

It appears that the effect of § on the EEM is the largest in case of Cd3As;. The
approximation in the energy band structure also makes a significant deviation of the
EEM in case of Cd3As;. However, for CdGeAs,, the EEM exhibits a slow variation
over the superlattice period as compared with Fig. 2.2 At this point it should be noted
that with the increase in the superlattice period, the EEM in Cd3As; by considering
the energy dispersion relation with the absence of the crystal field splitting and the
three-band model of Kane actually tends to the anisotropic bulk value 0.01393my.
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Fig. 2.6 Plot of the EEM as function of superlattice period for n-GaAs considering the three- and
two-band model of Kane with the corresponding bulk value

This is not with the case when the effect of crystal field splitting and the two-band
equivalent model is considered. In these two cases, the EEM is overestimated against
the bulk value. This is not with the case of Fig.2.3 of CdGeAs;, where the EEM
converges to the bulk anisotropic value at larger superlattice period.

The effect of superlattice period on the EEM in the ground state subband in III-V
materials has been evaluated using the three- and the two-band model of Kane in
Figs.2.4, 2.5, 2.6 for InAs, InSb and GaAs respectively.
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Fig. 2.7 Plot of the EEM as function of superlattice period for n-Hg;_,Cd,Te considering the
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Fig. 2.8 Plot of the EEM as function of superlattice period for n-In;_, Ga,As;— P considering
the three- and two-band model of Kane with the corresponding bulk value at x = 0.3

It appears from these figures that the effect of the variation of the energy dispersion
relation model on EEM is almost insignificant for GaAs nipi structures, whereas for
InSb, the EEM exhibits a significant deviation. In almost all the cases of about 1 nm
period, the EEM approximately becomes half of the respective isotropic effective
bulk masses indicating the mobility rise of up to 200 %.

In Figs. 2.7 and 2.8, the EEM as function of the periods has been further evaluated
for the ternary and quaternary materials like Hgy—Cd,Te and In;_,Ga,As;_,Py,
where the energy band gap in these materials can be modulated by changing the
alloy fraction x. We see that the EEM in case of In|_,Ga, As;_,P, almost exhibits
no significant variation and approaches quickly its bulk normalized value 0.0287 at
x = 0.3 as compared to Hg;_,Cd, Te.
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Fig. 2.9 Plot of the EEM as function of superlattice period for p-CdS

Figures 2.9 and 2.10 exhibit the EEM at the lowest subband in II-VI and IV-VI
nipi structures of CdS and PbTe respectively.

The effect of increasing the doping concentration from 4 x 102 to 6 x 10> m > on
EEM in CdS has been also exhibited in Fig. 2.9 for a period bandwidth of 50— 100 pm.
It appears that with the increase in the doping concentration, the EEM in CdS
increases and approaches the bulk longitudinal normalized value 1.5. However, in
case of PbTe, we see that the EEM saturates above superlattice period of about 20 pum.

The effect of doping concentration on the EEM in the lowest subband level in all
the aforementioned materials has been exhibited in Figs.2.11, 2.12,2.13, 2.14, 2.15,
2.16,2.17,2.18. It appears that the EEM increases with the increases in carrier degen-
eracy for all the cases and may become even larger than that of their corresponding
bulk value along the proper transport direction. From Fig.2.12 we see that the EEM
is almost constant below the degeneracy of about 102> m~3. The effect of different
models of energy band structures has been exhibited to present the dependency of
the EEM on the same. It appears from Figs.2.15 and 2.17 that the second and third
order Kane model almost exhibits no differences of the EEM from the two. The
respective saturation of the EEM with the decrease in the degeneracy is different for
the materials as this depends on the Fermi energy which is a function of the energy
band parameters.

3
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Fig. 2.11 Plot of the EEM as function of doping concentration for n-Cd3As, considering all cases
of Fig.2.2

Figure 2.18 exhibits the variation of the EEM with increasing degeneracy for PbTe
nipi. Anomalous behavior in the variation of the EEM has been exhibited as one
increases the degeneracy. It appears that above 2 x 10> m~3, the EEM decreases.
This should not be in general confused with other plots since an increase in the
degeneracy increases the Fermi energy which increases the EEM. However, in this
case, the effect of the different spectrum constants defines the variation of the EEM.

The variation of the EEM with alloy composition for the ternary and quaternary
materials has been exhibited in Fig. 2.19 for the three- and two-energy band model of
Kane. Almost no difference in the two-energy band model in this case is exhibited.
The variation of the EEM for the quaternary is slower than that of the ternary which
is due to the variation of the energy band gap through the alloy composition. The
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Fig. 2.13 Plot of the EEM as function of doping concentration for n-InAs considering all cases of
Fig.2.4

joy of executing the intricate computer programming for the variation of EEM in
case of stressed InSb nipi structure whose energy band parameters have been given
in Table 1.1 of Chap. 1 has been left to the reader. The summary of this chapter is
presented in Table?2.1.

2.4 Open Research Problems

R.2.1 Investigate the EEM, EAM, DEM, CEM, CoEM, FREM, and OEM in the
presence of an arbitrarily oriented nonquantizing magnetic field for nipi
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Fig. 2.15 Plot of the EEM as function of doping concentration for n-GaAs considering all cases
of Fig.2.6

structures of nonlinear optical semiconductors by including the electron spin.
Study all the special cases for III-V, ternary and quaternary materials in this
context.

R.2.2 Investigate the same set of masses as defined in (R 2.1) in nipi structures
of IV=VI, II-VI and stressed Kane-type compounds in the presence of an
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Fig. 2.17 Plot of the effective electron mass as function of doping concentration for
n-In;_Ga,As;—,P,

arbitrarily oriented nonquantizing magnetic field by including the electron
spin.

R.2.3 Investigate the same set of masses as defined in (R 2.1) for nipi structures of
all the materials as stated in R.1.1 of chapter 1.
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Fig. 2.19 Plot of the EEM as function of alloy composition for Hg;_,Cd,Te and
n-In;_,Ga,As|_,P, considering the three- and two-band model of Kane with the corresponding
bulk value at different x

R.2.4 Investigate the same set of masses as defined in (R 2.1) for all the problems
from R.2.1 to R.2.3 in the presence of an additional arbitrarily oriented
electric field.

R.2.5 Investigate the same set of masses as defined in (R 2.1) for all the problems
from R.2.1 to R.2.3 in the presence of arbitrarily oriented crossed electric
and magnetic fields.

R 2.6 Investigate the same set of masses as defined in (R 2.1) for nipi structures of
the heavily doped semiconductors in the presences of Gaussian, exponen-
tial, Kane, Halperian, Lax, and Bonch-Burevich types of Band tails for all
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systems whose unperturbed carrier energy spectra are defined in R1.1 and
R1.2 respectively.

R 2.7 Investigate the same set of masses as defined in (R 2.1) 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 same set of masses as defined in (R 2.1) for all the nipi systems

of this chapter in the presence of finite potential wells.

R 2.9 Investigate the same set of masses as defined in (R 2.1) 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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