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ABSTRACT

In this paper we study the Einstein relation for the diffusivity mobility ratio (DMR) under magnetic
guantization in HI-V, II-VI, IV-VI and HgTe/CdTe SLs with graded interfaces by formulating the
appropriate electron statistics. We have also investigated the DMR in I1I-V, 1I-VI, IV-VI and HgTe/CdTe
effective mass SLs in the presence of quantizing magnetic field respectively. The DMRs in quantum wire
GaAs/GaixAlxAs, CdS/CdTe, PbTe/PbSnTe and HgTe/CdTe SLs and the corresponding effective mass
SLs have further been studied. It appears that the DMR oscillates both with inverse quantizing magnetic
field and electron concentration for GaAs/GaixAlxAs, CdS/CdTe, PbTe/PbSnTe and HgTe/CdTe
superlattices with graded interfaces. The DMR decreases with increasing film thickness and decreasing
electron concentration for the said superlattices under 2D quantization of wave vector space.

Keywords: Einstein Relation, Semiconductor Superlattices, Magnetic Quantization, Quantum Wire
Superlattices

Introduction

It is well known that Keldysh [1] first suggested the fundamental concept of a superlattice (SL),
although it was successfully experimental realized by Esaki and Tsu [2]. The importance of SLs
in the field of nanoelectronics have already been described in [3-5]. The most extensively studied
I11-V SL is the one consisting of alternate layers of GaAs and Gai-xAlxAs owing to the relative
ease of fabrication. The GaAs layers forms quantum wells and Gai-xAlxAs form potential barriers.
The I11-V SL’s are attractive for the realization of high speed electronic and optoelectronic devices
[6]. In addition to SLs with usual structure, SLs with more complex structures such as I-V1 [7],
IV-VI [8] and HgTe/CdTe [9] SL’s have also been proposed.
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The IV-VI SLs exhibit quite different properties as compared to the I11-V SL due to the peculiar
band structure of the constituent materials [10]. The epitaxial growth of 11-VI SL is a relatively
recent development and the primary motivation for studying the mentioned SLs made of materials
with the large band gap is in their potential for optoelectronic operation in the blue [10].
HgTe/CdTe SL’s have raised a great deal of attention since 1979, when as a promising new
materials for long wavelength infrared detectors and other electro-optical applications [11].
Interest in Hg-based SL’s has been further increased as new properties with potential device
applications were revealed [11, 12]. These features arise from the unique zero band gap material
HgTe [13] and the direct band gap semiconductor CdTe which can be described by the three band
mode of Kane [14]. The combination of the aforementioned materials with specified dispersion
relation makes HgTe/CdTe SL very attractive, especially because of the possibility to tailor the
material properties for various applications by varying the energy band constants of the SLs. In
addition to it, for effective mass SLs, the electronic subbands appear continually in real space [15].

We note that all the aforementioned SLs have been proposed with the assumption that the
interfaces between the layers are sharply defined, of zero thickness, i.e., devoid of any interface
effects. The SL potential distribution may be then considered as a one dimensional array of
rectangular potential wells. The aforementioned advanced experimental techniques may produce
SLs with physical interfaces between the two materials crystallo graphically abrupt; adjoining their
interface will change at least on an atomic scale. As the potential form changes from a well (barrier)
to a barrier (well), an intermediate potential region exists for the electrons. The influence of finite
thickness of the interfaces on the electron dispersion law is very important, since; the electron
energy spectrum governs the electron transport in SLs.

In recent years there has been considerable work in studying the Einstein relation (a very
important transport quantity for modern nano-devices) under different physical conditions [19-68].
In this paper, we shall study the Einstein relation for the diffusivity —mobility-ratio (DMR)under
magnetic quantization in 1l1-V, 1I-VI, IV-VI and HgTe/CdTe SLs with graded interfaces in
sections 2.1 to 2.4. From sections 2.5 to 2.8, we shall investigate the DMR in I1I-V, 1I-VI, IV-VI
and HgTe/CdTe effective mass SLs in the presence of quantizing magnetic field respectively. In
sections 2.9 to 2.16, we shall investigate the DMR in the aforementioned SLs in the presence of
two dimensional size quantizations. In section 3, the doping and magnetic field dependences of
the DMRs have been studied by taking GaAs/GaixAlxAs, CdS/CdTe, PbTe/PbSnTe and
HgTe/CdTe SLs and the corresponding effective mass SLs as examples. In the same section, we
have also studied the doping and thickness dependences of the DMR for the said quantum wire
SLs. The section 3 contains the result and discussions as appropriate for this paper.
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2 Theoretical Background

2.1 Einstein relation under magnetic quantization in 111-V superlattices
with graded interfaces

The energy spectrum of the conduction electrons in bulk specimens of the constituent materials
of 111-V SLs whose energy band structures are defined by three band model of Kane can be

written as
(m’k?)/(2m]) =EG(E, E;, A)) (1)

(Egi +§Aij(E+ E,+AJE+E,)

[Egi(Egi +AiXE +E, +§Aiﬂ

h is Planck constant, k is electron wave vector, m'is the effective electron mass at the edge
of the conduction band, E is the electron energy, E is the band gap and A is the spin orbit

i=12,..., G(E,E,,A,)=

gi’

splitting constant.

Therefore, the dispersion law of the electrons of 111-V SLs with graded interfaces can be
expressed, following Jiang and Lin [16], as

cos(L,k) =5 ®(E.k,) 2
where L (=a,+h,) is the period length, a; and b, are the widths of the barrier and the well

respectively,
®(Ek,)= [Zcosh {B(E.Kk,)}cos{y(E,k,)}+&(E k,)sinh{B(E k,)sin{y(E k)|

Kz (E.k)

K, (k)

A, H e -3K2(E,ks)JCOSh (B(EK, )}sin{7(E,ks)}+{3K1(E,ks)—{KZ(HS)}}i“h{ﬁ(E' k,)jcos{r (E k. )}]

#, 2({K, (B )} (K, (L)) oosh {B(E.k,)fcos [ (E.K.)}

12| K, (Ek,) K, (E.k,)

+1!5{K2(E,ks)}3 +5{K1(E";s)}3 —34K2(E,k5)K1(E:ks)]3i”h{IB(E’ks)}Sin{ﬂE'ks)}”

| Ki(Eky)  K,(E. k)
: 5(E’ks)={K2(E,ks)_ K, (E.k,)

] B(E.k) =K, (E .k )[a,—A,], A, is the interface
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* 1/2
width, y(Ek,)=K, (E.k)[b-2,], Kl(E,kS)5[2'?1—22EG(E—V0,052,A2)+1<52}  B'=Vo-E,V,

is the potential barrier encountered by the electron (V0 = ‘Egz —E, ‘) o =1/E;,

* 1/2
KZ(E,kS){Z':;EG(E,al,Al)—kj} and kZ =k +k’.

In the presence of a quantizing magnetic field B along z-direction, the simplified magneto-
dispersion relation can be, written as=

1 =L10{p<n, E){ZhBL{;jH @)

where p(n, E) :[cos'l{%z//(n, E)}?, n is the Landau quantum number,

w(n,E) =[2cosh{,8(n, E)}cos{y(n,E)}+&(n,E)sinh{B(n,E)}

sin{y(n, E)} +A, waz (n, E)Jcosh {,B(n, E)}

K,(n,E
(K, (nE)f

sin{y(n, E)} +[3Kl(n, E)—’EEJSinh {ﬂ(n, E)} cos{;/(n, E)}

K,(n,E)

+A0[2({K1(n, E)}2 —{K2 (n, E)}Z)cosh{,b’(n, E)}cos{y(n, E)}

—{34K2<n,e>Kl<n,E)}}inh{Mn,E)}sm{y(n,E)}H

()| ()= k (fa]

2(NE) Ki(nE)
2mE’ 2B 1\
K,(nE)=| —2—G(E-V, a,,A,)+ n+=
h h 2
o 2/e[B " Consideri
V(H,E)=Kz(n,Es)[bo—Ao] and Kz(n,E)El::_;EG(E,al,Al)_{T(m%)H onsiadering

only the lowest miniband, since in an actual SL only the lowest miniband is significantly populated
at low temperatures, where the quantum effects become prominent, the electron concentration (n,
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)can be written as, n, =£

e|Bg, |
e jzl:T91(n’EFSL)+T92(n’ EFSL):I

7°hL, )&
(4)

where g, is the valley degeneracy,

[

Tor (N, Eg ) = l:p(EFSL, n) -{@(n +3) L@Hm , Too (M B ) = 2L (1) Tor (M B )|

2 r=1

2r

L(r) z[z(kBT )2r (1—21_2r)§(2r)}{622’}’ r is the set of real positive integers whose upper
FSL

limit is s, £(2r) is the Zeta function of order 2r, k; is the Boltzmann constant and T is the temperature.

The DMR can be expressed as

D :lno[ ony I (5) The

|e| aEFSL
use of equations (4) and (5) leads to the expression of the DMR in this case as
ZI:TQl(n7EFSL)+T92(n’EFSL):I
1 =0
:Enmax ! ! (6)
3 (B} a0 ) |
n=0

~ |O

2.2 Einstein relation under magnetic quantization in 11-VI superlattices with graded

interfaces
The energy spectrum of the conduction electrons of the constituent materials of 11-\VI SLs are given

by [17]
h*k?  h%k?

E= Aok 7
2m;, ’ 2m;, + Ak, (7)

and

h?k?

T EG(E,Ey, A, ®)

where m and m;, are the transverse and longitudinal effective electron masses respectively at the

edge of the conduction band for the first material and 4, is the splitting of the two spin-states by
the spin —orbit coupling and the crystalline field .
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The electron dispersion law in II-VI SLs with graded interfaces can be expressed as
cos(Lok)zéd)l(E,ks) (9)
where,

@, (E, k,) =[2cosh{B, (E, k,)}cos{r, (E.k,)}+ & (E, k,)sinh{, (E, k,)}sin{y, (E, k,)}
{K,(E. k)Y - A{K(E k)Y

+Ao[(m 3K, (E k) cosh{/, (E. k,)}sin{y, (E, k)}+ (3K, (E, k) K, (E.K) )

sinh{f3, (E, k,)}cos{y, (E. k,)}]

+A0[2({K; (E, k,)* -{K, (E,k,)}*) cosh{3, (E, k,)}cos{y, (E, k,)}

1 5{K3(E1ks)3 5{K4(E’ks)}3_ H H

+E[ K4(E,ks) + Kg(E,ks) 34K4(E'ks)K3(E’ks)]SInh{ﬂl(E’ks)}SIn{yl(E'ks)}]]

Ky(E.k) K, (Ek)

K4(E’ks) K3(E'ks)

&(E k) =[ 1, B(E k) = K4 (E, k) [a, — A, ],

2m.E’
7(E, k) =K, (E, k)b, — A, 1, K, (E, k) E[h—ZZG(E -V,,a,,A,)+ kf]l’2
and

2m;,
¥ E_
h? [ 2m

"X kI (10)

11

K4(E,kS)E[

In the presence of a quantizing magnetic field B along z-direction, the simplified magneto-
dispersion relation can be, written as

% :%{pl(n,E)_{$L§Kn+%]H 11)

where,

p(nE)= {cos‘1 {% v, (n, E)H2
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v, (n,E)= [Zcosh {B.(n.E)}cos{y, (n,E)}+&(n E)sinh{ B (n,E)}

sin{y, (n,E)}+4, HM—S& (n, E)Jcosh {B.(nE)}

K,(n,E)

sin{y, (n,E)} +[3K3(n, E)%Jsinh {B.(n,E)}cos{y, (n,E)}

+A0[2(K3(n, E)-{K,(n, E)}Z)cosh{ﬂl(n, E)}cos{y, (n,E)}

+E[ K4(n”E) + Ks(:,,EE))} _{34K4(n,E)K3(n,E)}]sinh{ﬂl(n,E)}sin{yl(n,E)}”

5 (n, E)E[E’»EE 3 - Egzég}ﬂ(n E) =K, (n,E)[a - Ay ], (0,E) = K, (. E)[by ~ Ay,

B * 1/2
K,(nE)=| 2™ EG(E -V, 0,,4,)+ el (n+lﬂ

| h h 2
and

r . 2 1/2
K4(n, E) _ Zmzp; I:E _ h|e*| B (n_{_lj mﬁ_'o {%(n_plj} }]

h m , 2 h 2
The electron concentration in this case can be expressed as
e Bg, |\

Ny = (le—hLOJnZ_;,[Tgs (I‘l, EFSL)+T94 (n’ EFSL )] (12)
where,

S

T, (M Epq )= {pl(n, EFSL)-{ﬁ(n +%) Lf,HM and Ty, (1, Exg. )= 3 L(1)[ s (7, Exe )]

r=1

The use of equations (12) and (5) leads to the expression of the DMR as

D
== 13
/Ll |e| Miax [ ( )

T (0 Ers )} +{To(n. E@}'}
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2.3 Einstein relation under magnetic quantization in 1V-VI superlattices with graded
interfaces

The E-k dispersion relation of the conduction electrons of the constituent materials of the IV-VI
SLs can be expressed [18] as

1/2
E Y E
E=ak? +bk?+|[ck?+dk? |+ ek?+ fik? +—2 — 4 (14)
2 2
h? e Y h? Y
Whereaaizi ’biE ’CiEPfi’diEPfi’eiE and fiE .
2my; 2my,; ' ’ 2my; 2m,;

The electron dispersion law in IV-VI SLs with graded interfaces can be expressed as
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cos(LOk)zgd)z(E,ks) (15)
where,
@, (E,k,) E[Zcosh{ﬂ2 (E.k,)}cos{y, (E.k,)}+&, (E .k )sinh {5, (E,k, )}sin{y, (E k,)}

{KG(E,kS)}Z)

+AO[({K£(LS)}-3K6(E,ks))cosh{/)’Z(E,ks)}sin{yz(E,kS)}+(3K5(E,ks)— K.(E.K)

o(E k)
sinh {5, (E. k, )} cos {7, (E.k, )}l

+A0[2({K5(E, ) -(Ks ()] Joosh {5, (E.k, ) cos{, (E.K,)

sinh{, (E.k,)}sin{z, (E, ks)}“

Hy (K, K, ) =[2Hy ][ By +d + FE, +2(ef, —aby ) (K +K} )|, Hy = f?

0]

Ha (o k, ) =[4H2 ] [4bd, +4b, R E, +41E, +8(k? +K?)[e b —a 7],

Ha, (k) =[4H3]] (k2 k7 ) [-Babie f+db%e? + 4177 o (k7 k) 4e, [, b

iligi
—4e f.d, +4e f’E, —4ab’E_ —4abd, —4ab f.E +4bi2eiEgi+4bi2ci+4bi2Egiai—4fi2eiEgi—4fi2ci—4fi2Egiai]

i i i'i g i~ g i~ i~ Ny

+[EZb? +d? + 797 + 2B, b, +2EZb, f+2d, £ E, ]

gl g

and

KS(E,kX,ky)EH(E—VO)Z Hy, +(E Vo) Hy (K k) + Hsz(kx,ky)le—[(E—VO)H12+ sz(kx,ky)ﬂ

1/2

The simplified magneto-dispersion relation in this case can be written as

2 ﬂpz(n, SRS g(gj}} (16

where,
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p,(NE)= {cos {;1//2 (n, E } W, (n, E):[Zcosh{ﬂz(n E)}cos{y,(n,E)}+&,(n,E)sinh{A,(n,E)},
S|n{72(n,E)}+A0[(%—3Ke(n,E))cosh{ﬁz(n,E)}S|n{y2(n,E)}+(3K5( n, )—%
sinh{ﬂz(n,E)}cos{yz(n,E)}

sin{z, (n, E)}+[3K5 (n, E)—m]sinh{ﬂ2 (n.E)fcos{y,(n,E)}

)

Ks(n,E)
+A0[2(K )cosh {B,(n,E)}cos{y,(n,E)}
%[S{E:E::E;} 5{2(( O foak, ., E)}}inh{/a(n.E)}sin{n(nf)}ﬂ
)| FEREL LB (1) 00,0 [P+, 0)]-[E MM (1) Mo
Hy = (b2~ £2)"

H, (n)=[4H _1_4bd +4b fE, +4f2E, +8{ ||B( j}[e fﬁ]}
n)[4H12i]1_{2|(:]|B(n j} [-8abe f, +4b%’ + 4127 |+ {2| |B( )}[4e,f,Egb,

—de f.d. +4e f? E, —4aib,2Egi —4abd, —4ab fE, +4b,2eiEgi +4b’c, +4bi2Egiai —4f%, E, —4f’c, —4fi2Egiai]

+[ E2b? +d? + g7 + 2E, bd, + 2E2b,f, + 2d, f,E, ] and

Ks(n,E)zH(E—VO)Z ey +(E -V i (1) H (1) ~[(E -V H, + sz(n)ﬂ

1/2

The electron concentration in this case can be expressed as

[ o S ) T 0] @
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1/2
2le|B 1
where, T95(n,EFSL){pZ(n,EFSL)-{%(n+EJL§H and

S

Tos (N Epg ) = Z_:L(r)[T%(n, Ere )]

The use of equations (17) and (5) leads to the expression of the DMR as

D 1 Z[Tgs(nvEFSL)"'T%(n’EFSL)]
2Tl = (18)

! 4

f[{T%(n,EFSL)} (0 Er)

=0

>

2.4 Einstein relation under magnetic quantization in HgTe/CdTe superlattices with graded
interfaces

The dispersion relation of the conduction electrons of the constituent materials of HgTe/CdTe SLs
can be expressed [13] as

2,2 2
LS +3\e\ k (19)
2m,  128¢,,
h2k?
S —E0(E ) 20

The electron energy dispersion law in HgTe/CdTe SL is given by

cos(LOk):%CDS(E,kS) (21)

where, @, (E, k, ) E[ZCosh{ﬂg(E,ks)}cos{y3(E, k,)} +&; (E.k, )sinh { 8, (E.k, )}sin{y, (E.k, )}

(K, (Ek,))
K; (E.k,)

8 L]

+A, HW-SKS (E, kS)Jcosh {B,(E.k,)fsin{y, (E, ks)}+[3K7 (Ek,)- ]sinh {B,(E k,)}cos{y, (E, ks)}}

+A0[2({K7(E,ks)}2-{KB(E,ks)}z)cosh{ﬂ3(E,ks)}cos{y3(E,ks)}

+i[5{Ka(E,:s)} N 5{::7((EE::S))} 34K, (E, k) K, (E k, )]sinh{ﬂs(E,|<S)}sin{y3(|5,ks )}ﬂ
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K, (E k) Kg(E k)]
E,k )=|—* s/__8 *Z 1, E.k.)=K,(E,k —A
(e k)| el e g e =K (B -]
— 1/2
_ _ B2+ 2AE - B,\[B? + 4AE 3e’ h?

73(E,ks)—K8(E,ks)[bO AO], Kg(Elkx,ky)E o 2A02 0 -k2| BO:@, A:Tml* and

2 *E' _112
K7(E,ks){ T\g G(E—VO,EQZ,A2)+kf} .

The magneto dispersion relation in this case can be expressed as

K, =Ii|:p3(n,E)—{2EB Lﬁ(n+;me (22)

where, p3(n,E)={COS’1{%W3(FI,E)}} ,
w,(n, E)=[2005h{,83(n,E)} cos{7, (n,E)}+&(n,E)sinh{3,(n,E)}

sin{y, (n,E)} +A, H{llz((;n”?)}?;@ (n, E)Jcosh{ﬁ3 (n,E)}

sin{;/s(n, E)}+[3K7 (n, E)—m}inh{@(n, E)} cos{;/s(n,E)}

+A, [2({K7 (n, E)}2 —{Kq(n, E)}Z)cosh {B:(n,E)}cos{y,(n,E)}

+112[5{:;((:E))} +5{::j((:,’3} {34K8(n,E)K7(n,E)}]sinh{ﬂ3(n,E)}sin{yB(n,E)}H

&(nE)= E;E:E;_Ejg:iﬂ’ ﬂs(n'E)EK7(n'E)[an'Ao]’ 73(n'E):K8(n'E)[b0_A0]’
B2+2AE - B,\[B2 +4AE [2[e[B N

Ks(n,E)z[ = _{ " [M;j}] : and

oo ()

The electron concentration in this case can be expressed as
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eBg, |
Ny :[LthLojnZ_(;[Tw(n’ EFSL)+T98(n’ EFSL)] @

1/2
2\e|B 1
where, Tor (N, Erg ) = {p3 (nErg )- {%(n +§j Lf,H and

S

Tog (n' EFSL) = Z L(r)[Tw (n' EFSL)] :

r=1

The use of equations (23) and (5) leads to the expression of the DMR as

1 Z [T97 FSL Tog (n Ers. ):I

P2 _is (24)
7,

2.5 Einstein relation under magnetic quantization in 111-V effective mass superlattices

Following Sasaki [15], the electron dispersion law in 111-V effective mass superlattices (EMSLS)
can be written as

2 _ 1 -1 2
kx_[z{cos (f(E,ky,kz))} k& (25)
in which, f(E,k,k,)=acos[aC,(Ek,)+bD,(E .k )|-a,cos[aC, (Ek,)-0D,(Ek,)], kI =k;+k?,
- 2 27t —2 w27t
al{ mz+1} [4{”’3} ] , a, = {1+ mz} Hmij } ,
m; m; m; m;
" 1/2 . 1/2
Cl(E,kL)EKZT]]l—ZEjG(E,Eg,A) k } and Dl(E,kL)EKer?gEjG(E,Eg A,)—k } .

In the presence of an external magnetic field along x-direction, the simplified magneto dispersion
law in this case can be written as

(o (nE)] @
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in which, p4(n,E):é[cos1(f(n,E))T—{$(n+%)},

f (n,E)=a, cos| a,C, (n,E)+b,D,(n,E)]|-a,cos| a,C, (nE)—b,D,(n,E)]

e 80
s pes )]

The electron concentration in this case can be expressed as

(Iel Bg, Jz[ Ere )+ Too (1, Erg )] 27)

C.(nE)=

[ ——

S

/2
where, Ty, (0, Erg )=[ o4 (N, EFSL)]l and Ty (N, Erg )= D L(1)[ T (N Erg ) |-

r=1

The use of equations (27) and (5) leads to the expression of the DMR as

D 1 ZI:TQQ(n’EFSL)+T91O(n’EFSL)]
T (28)

”“[{ ) + {06 |

-0

2.6 Einstein relation under magnetic quantization in 11-V1 effective mass superlattices

Following Sasaki [15], the electron dispersion law in 1I-VI EMSLs can be written as

K2 = L_ls{cos-1 (f.(Ek,, ky))}2 —kf} (29)

in which, fl(E,kx,ky):agcos[aOCZ(E,ks)eroDz(E,kS)J—a4cos[aOCZ(E,ks)—bODZ(E,ks)}, k? =kZ+k?,

-1 1

—72 L\V2T]T
a,=| -1+ [T 4["‘2] ,
mP,l mP,l

« \1l/2 2 1/2 1/2
CZ(E,kS)ELZELP'l] l:E :k mﬂok} andDZ(E,kS)EKZSZJEG(EE A, )- k} .

1.1
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Under magnetic quantization along z-direction, the simplified magneto dispersion law can be
expressed as

k? :[p5(n,E)] (30)

in which, ,os(n,E)zé[cos1(fl(n,E))J2 {2|(:]|B[n+2)}
.(.E)-bP,(.E)]

¥e
cﬁ&>ﬁa{EﬁﬁmgM$f@¢}} and
Dz(n,E)EKZr:“]EG(E,Eg,A) E [n+;ﬂ .

The electron concentration in this case can be expressed as

f,(n,E)=a,cos|a,C, (n,E)+b,D, (n,E)]-a,cosa

B
Ny [|Z|ﬂzghv]2|: 911 FSL 912(rl Ers )] (31)

where, Tgll(n'EFSL I:ps n, EFSL ] and T912 n = EZL [ 911 n EFSL)]

Thus, using equation (41) and (1.11) leads to the expression of the DMR as

D 1 i[TQll(rL EFSL)+T912 (n’ EFSL )}
PR “

3 a0 + T (0 |

n=0

2.7 Einstein relation under magnetic quantization in 1V-V1 effective mass superlattices

Following Sasaki [15], the electron dispersion law in 1V-VI, EMSLs can be written as

% =[Llé{cosl(f (E.k, .k, ))}z—kf} (33)

i which, 1, (E,k,,k,)=acos| &Cq(E.k, .k, )+0,D(E.K, .k, ) |~ cos| a,Cy (E, K, k, ) ~byD; (E.k, K, ) |,

1 My 1y 1My 1y 1 vy

—~ 2 m 1271
a; = 2 +1 4[ ij
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2
*{ 2h ] a +|aC +aeE, —€'E, |[Ela’ +C’ +e’E; +2CeE, —2E aC, ~ 2e,a,Eg] J

1/2
Cy(E.ky K, ) =|[ EHyy +Hy (K, Z)]—[E2H31+EH4l(ky,kz)+Hsl(ky,kz)]ﬂ ,

1/2

K, )
(E.k,.k,) E[ EH,, +H,, (K, .k )}—[EZHaz+EH4z(ky,kZ)+H52(ky,kz)}1/2} an

— 1271
a, =| -1+ mi 4(”‘2] .
m, m,

Thus, in the presence of a quantizing magnetic field along x-direction, the simplified magneto
dispersion law in this case can be written as

k? =[ s (n,E)] (34) in
which, ps (N, E):%[cos‘l( f,(n, E))]2 —{$Kn+%j},
f,(n,E)=ascos| a,C, (n, E)+b,D; (n,E) |-a, cos| a,Cy(n, E) b, Dy (n,E) ]

C,(n,E)= [[EHH +Hy (n)]-[E2Hy +EH, () + HSl(n)T/ZT/Z

Da(n,E) |:[EH12+H22 n)] [E H32+EH42(n)+H52(n):|1/2}

The electron concentration in this case can be expressed as

[|e| 9, ] Z[ 913 FSL Tous (n Ers ):I (35)

S

/
where, T913 (n’ EFSL)E I:pﬁ (n’ EFS'— )]1 i and T914 (n' EFSL) = Z L(r)I:T913 (n’ EFSL )] '

r=1

Thus, using equation (35) and (5) leads to the expression of the DMR as

Nimax

D 1 Z[TMS (n’ EFSL)+T914 (n’ EFSL ):I
;:En n=0 (36)

max 4

(oo (1. Eve ) +{T914<n,EFSL>}'}

n=0

94 Journal of Mathematical Sciences & Computational Mathematics



ISSN 2688-8300 (Print) ISSN 2644-3368 (Online) JMSCM, Vol.1, No.1, November, 2019

2.8 Einstein relation under magnetic quantization in HgTe/CdTe effective mass superlattices

Following Sasaki [15], the electron dispersion law in HgTe/CdTe EMSLs can be written as

2 1 -1 2 2
K {E{cos (f.(Ek, k)] —kl} (37)

in which, f,(E.k,)=a,cos[ a,C, (E.k, )+b,D, (E.k, ) ]-a,cos| aC, (E .k, )-b,D, (E.k, )],

- 2 A2t —2 w2t
a = M 11 4[miJ , a, =| -1+ m, 4£mi] ,
m m, m, m,

2 _ 2 12 * 1/2
CA(E,kL){Bo+2AE Bos/Bo+4AEki} andD4(E,kl)EH2m2EjG(EE Az)—kf} |

2A2 h2 '

In the presence of an external magnetic field along x-direction, the simplified magneto dispersion
law in this case can be written as

¢ ~[o(n8)] @

in which, p6(n,E):{é[cos‘l(fa(n,E))]z}—{2|ﬁB[n+%j},

f,(n,E)=a, cos|a,C, (n,E)+b,D,(n,E)]-a,cos[aL,(n,E)-bD,(.E)]

1/2
2 B 2
c4(n,E)={B° +2AE - B,,[B? + 4AE _{ZGB[“lM and

2N h 2

D,(n,E) zl[zr:%JG(E, Egz,Az)—{¥(n+3HM.

The electron concentration in this case can be expressed as

e[Bg, )%=
Ny :[| 7|z2h jZ[T915(n'EFSL)+T916(n’ EFSL)] )

n=0
s

12
where, Tos (n’ Ers ) = [pe (n' Ers )]l and Tg;q (n! EFSL) = Z L(r)[Tng (n’ Ers )] :

r=1
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The wuse of equations (39) and (5) leads to the expression of the DMR as

Nmax

1 Z::[TMS (n, = ) +To16 (n, Ers )]
_ T n=0 (40)

T 0]+ T )]

n

~ |O

max

_|e

n=0

2.9 Einstein relation in 111-V quantum wire superlattices with graded interfaces
The electron dispersion law in 11I-V quantum wire superlattices (QWSLS), can be written
following equation (2) as

| Ealnan € -o(nn,)| @

where ps(nx,ny,E){cos‘l{%%(nx,ny,E)HZ, ¢(nx,ny)=(nx7r/dx)2+(ny7r/dy)2,

n(=123,..)and n (=123,..)are the size quantum numbers along the x- and y- direction
respectively and dx and dy are the nanothickness along the respective directions,

Ve (nx,ny, E) =[2005h {ﬁg(nx,ny, E)}cos{ys(nx, n,, E)}+gs(nx,ny, E)sinh {,Bs(nx,ny, E)}

sin{;/g(nx, n,, E)}+A0 H{Kg (o, E)} ~3Ky (N1, E)}cosh {ﬂg(nx,ny, E)}

Ky, (nx, n,, E)
sin{;/g(nx, n,, E)}J{SKg (n.n,, E){Km(nx’m:i)}z}sinh {,Hg(nx, n,, E)}cos{ys(nx,ny, E)}

+A0[2(K9(nx,ny, E)—{K10 (n.n,, E)}Z)cosh{ﬁa(nx, n,, E)}cos{ya(nx,ny, E)}

+1{5{':ZE:Z:13} +5{E:°((nr1i'nnyy,';))} {34K10(nx,ny,E)Kg(nx,ny,E)}Jsinh{ﬂs(nx,ny,E)}sin{yS(nx,ny,E)}H

_| Ko(mony,E) Kyg(non,.E) E)=K E)la, -A

gg(nx,ny,E)_[Km(nx,ny,E) Kg(nx,ny,E) | ﬂg(nwny, ) 9(nx’ny’ )[ao 0]’
., 1/2

Kg(nx,ny,E)E[zT]ng G(E-Vo,az,A2)+¢(nx,ny)} : 78 (0, E) =Ky (nony, E)[by =4, ] and

* 1/2
Ky (N, E) E|:2I:]2'E G(E,a,A) - 4(n,.n, )} :
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Considering only the lowest miniband, since in an actual SL only the lowest miniband is
significantly populated at low temperatures, where the quantum effects become prominent, the
relation between the 1D electron concentration (n, ) and the Fermi energy in the present case can

be written as,

mmmmmm

Np = [ﬁj ”z HYZ [T917 (NN Erquet )+ Teis (M1 Erquet )} (42)

7 n,=ln =1

1/2

Where, T917 (nx,ny, EFQWSL)E[p8<nX’ny’ EFQWSL)_¢(nX’n)’)i| and

T918 (nx' ny, EFQWSL) = Z L(r)[Tgu (nx’ ny, EFQWSL )} '

r=1

The use of equations (42) and (5) leads to the expression of the DMR in this case as

n

5 1 Zl yzm:i[Tgn (nx,ny, EFQWSL)+T918 (nx, n,, EFQWSL)]
; ) |€ ey "y y ' , (43)
Z Z {T917 (nx1 Ny» Erqust )} + {Tglg (nx N Erquws, )}

ne=1lny=1

2.10 Einstein relation in 11-VI quantum wire superlattices with graded interfaces

The electron dispersion law in 11-V1 QWSLSs, can be written as

G| o, ) -e(num) )

2
where, pg(nx,ny,E):{cos‘l{%%(nx,ny,E)H :

://g(nx,ny, E)z[Zcosh {ﬁg(nx,ny, E)}cos{;/g(nx,ny, E)}+59(nx,ny, E)sinh{ﬁg(nx,ny, E)}

Ky (n,.n,,E)

sin{yg(nx,ny, E)}+Ao |:[{K11(nx,ny’ E)}2 ~3Ky, (n,.n,, E)JCOSh{ﬂg(nx,ny, E)}

sin{;/g(nx,ny, E)}+{3Ku(nx,ny, E)W}sinh{ﬂg(nx,ny, E)} cos{y9 (n.ny, E)}

+A, [Z(Kn(nx,ny, E)—{Klz(nx,ny, E)}z)cosh{ﬂ9 (n.n,, E)}cos{yg(nx,ny, E)}
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=
7~
ol
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< o
>
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m
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N’
w
/-"——\
/—\
>
<
:
<
m

)} {34K12(nx,ny,E)Kn(nx,ny,E)}Jsinh{ﬂg(nx,ny,E)}sin{yg(nx,ny,E)}“

12| Ky (n.n,E) K, (nx n,, E)
o o) cloas] Ao

yg(nx,ny, E): Klz(nx,ny, E)[b0 -],

* 1/2
Ku(nx,ny,E){zhn}E’G(E—VO,aZ,A2)+¢(nX,ny)}

and Klz(nx,ny,E)zrhz”[E—z:; o(n.n,)m7 {g(n, ny)}mﬂ .

L1

The electron concentration in this case can be expressed as

Ymax

B ]

T =1 n,=1

where, Toso (nx’ Ny Erqus. ) = [,09 (nx’ Ny Erquat ) - ¢(nx’ n, )T/Z and

ngo(nxlnvaFQWSL)Ezs:L [ 919(n 'ny'EFQWSL):|'

r=1
The wuse of equations (45) and (5) leads to the expression of the DMR as

fj yzma:x [T919 (nx Ny, EFQWSL)+T920 (nx Ny, EFQWSL )}

_l ne=1 n =1

el 5 yzaj {{Tglg(nx,ny, Erous. )}, +{T92°(nx’ny’ Frowm )},}

n:=1ln,=1

(46)

=~ |O

2.11 Einstein relation in 1VV-VI quantum wire superlattices with graded interfaces
The electron dispersion law in IV-VI QWSLSs can be written as

G| lpulnn E))-o(on) @)

2
where, pm(nx,ny,E):{cos'l{;z//w(nx,ny,E)H ,
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Vo (1, E):[Zcosh {ﬁlo(nx,ny, E)}cos{ym(nx,ny, E)}+gm(nx,ny, E )sinh {ﬁm(nx,ny, E)}

Si”{ﬂ/lo(”x:”y’E)}’LAOM{Kﬂ(”x’”V'E)} —3K12(nx,ny,E)JCOSh{ﬂm(”x’”va)}

Ky (n,.n,,E)
sin{ym(nx,ny, E)}+[3Kn(nx,ny, E)W}sinh{ﬂm(nx,ny, E)}cos{ym(nx,ny, E)}

+A0[2(Kﬂ(nx,ny, E)—{K12 (n.n,, E)}z)cosh{ﬂm(nx,ny, E)}cos{ym(nx, n,, E)}

Ku(nx,’n 3 - Kﬂ(nx,l:y,lE) —{34K12(nx,ny,E)Kn(nx,ny,E)}Jsinh{ﬂm(nx,ny,E)}sin{yfm(nx,ny,E)}H

_ KlZ(nx’ny’E)]’ ﬂlo(nx'ny’ E)E Kll(nx’ Ay E)[ao -AO]
K

1/2

KlZ(nX,nyxE Eli EH11+Hzl(nx,ny)]_[Esz"‘EH41(nx,ny)+Hsl(nx,ny)illlzi| ’
Ha (nx’ ny)z[ZH“ ]71[E9ibi +d; + fiE, +2(ei fi _aibi)¢(nx’ny )],
H4i nx’ny) :[4H12i N |:4bidi +4bi fi Egi +4fi2Egi +8¢(nx1ny)|:ei fibi —q fiz:l:l )

Hy (0,0, )= [4Hfi T [{qﬁ(nx, n, )}2 [—Saib,ei f +4b%’ +4 fizaf] + {¢(nx, n, )} [4ei f.E_ b,

1 gi 1
—4e f.d. +4e, fiZEgi —4aib,2Egi —4abd, —4ah fE, + 4b%e, E, + 4b’c, + 4bi2Egiai —4f%, E, —4 fic, —4 fizEgiai ]

+[ E2b? +d? + f707 + 2E, bd, + 22D, T, +2d, f,E, ]and

1/2

Ky (.0, E) EH(E V) Hy +(E-Vp)Hy (no0, )+ Hy (nom, )le ~[(E-Vo)Hy, +Hy (1, )ﬂ .

The electron concentration in this case can be expressed as

Np = ( 23\/ j i: VZ“‘: |:T921 (nx’ Ny, EFQWSL ) + T, (nx Ny EFQWSL )] (48)
where, To (nx Ny EFQWSL) = {pm (nx’ n,, EFQWSL ) i {¢ (nx’ Ny, EFQWSL )}le and
Toro (nx’ ny, EFQWSL) = il L(r)[TQZl (nx’ ny, Erous )} '
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The use of equations (48) and (5) leads to the expression of the DMR as

z Z |:T921 (nx J ny’ EFQWSL ) +T922 (nx J ny’ EFQWSL )J
— (49)

2.12 Einstein relation in HgTe/CdTe quantum wire superlattices with graded interfaces
The electron dispersion law in HgTe/CdTe QWSLs can be written as

[ (@) fonun, 2| (50)

2
where, Pu (NN, E):{cos'1 {%yxn(nx,ny, E)H :

Wll(nx,ny, E) :[Zcosh {ﬂﬂ(nx, n, E)} cos{;/ll(nx, n,, E)} +gll(nx, n,, E)sinh {,Bll(nx, n,, E)}

sin{yll(nx,ny, E)}+AO H{Kls(nx,ny: E)}Z ~3Ky, (n,.n,, E)JCOSh{ﬂll(nx’ny’ E)}

Ky (N0, E)

sin{;/ll(nx,ny, E)}+[3Kl3(nx,ny, E){Km(nxyny’E)}Jsinh {,Bll(nx,ny, E)}cos{;/ll(nx,ny, E)}

Kls(nx,ny, E)
+A, [2({K13(nx,ny, E)}2 —{K14(nx,ny, E)}z)cosh {ﬂn(nx, n,, E)}cos{yﬂ(nx,ny, E)}

+112{5{K13(nx,ny,|5)} +5{K14(nx,:yy'|§))} {34K14(nx,ny,E)Km(nx,ny,E)}Jsinh{ﬂn(nx,ny,E)}Sin{yn(nx,ny,E)}”

KM(nX,ny,E) Kn(n n,

_ K13(nx'ny'E)_KM(nX’ny’E) E)l=K E -A
gﬂ(nx,ny‘E)_Lu(nx.ny,E) Kla(nx.ny,E)1 ﬂll(nx,ny, ) 13(nx,ny, )[ao &

711(nx,ny, E): KM(nX,ny, E)[bO—AO],
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2A? Xy

1/2
Ku(nwny’E)E{B§+2AE—BO\/BOZ+4AE fofar )}] | and

The electron concentration in this case can be expressed as

Np = (2_3\/) f f |:T923 (nx’ ny’ EFQWSL ) +T924 (nx’ ny’ EFQWSL )] (51)
n=ln,=1

where, T, (nx, n, EFQWSL) = [pn (nx, n, EFQWSL)- {¢(nx, n, )}]1/2 and

S

Ton (nx’ ny, EFQWSL) = z L(r)[ngs (nx Ny EFQWSL )] :

r=1

The wuse of equations (51) and (5) leads to the expression of the DMR as

Nimax nymax

Z Z [ngs (nx Ny Erowst ) + T (nx’ ny, Erowst ):|

1 nana

:|e

=~ |O

(52)

Nimax n‘/max ! 4

Z Z {ngs (nx’ ny, Erowst )} + {T924 (nx Ny Erowst )}

ne=Ln,=1

2.13 Einstein relation in 111-V effective mass quantum wire superlattices
The electron dispersion law in 111-V, effective mass quantum wire superlattices (EMQWSLS) can
be written as

ke = |:p12 (ny’ n,, E)} (53)

[c0s* (£ (n,.n,.E)) [ ~{#(n,.n,)}- ¢(“w“z)‘{rz_ﬁf{nﬁz}

fp(n,.n,.E)=a, cos[aocs(ny,nz, E)-+b,D;(n,.n,, E)]—a8 cos[aocs(ny,nz, E)-b,D;(n,.n,, E)]

in which, p,,(n,,n,,E)=

Il e
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o) e )|
o181 € ol )|

The electron concentration in this case can be
Zg Ymax Zmax
[ s j Z Z |: 925 (ny’ nz’ EFQWSL)+T926 (ny’ nz' EFQWSL ):|
71 n,=1

where, Toys (ny’ n,, EFQWSL) = |:p12 (ny' N, Erqust )]1/2 and

S

Tooe (ny’ n,, EFQWSL ) = Z L(r)[ngs (ny’ n,, EFQWSL )} :

r=1

and

expressed as

(54)

The wuse of equations (54) and (5) leads to the expression of the DMR as

yzma:X f [ngs (ny Ny EFQWSL)+T926 (ny’ n, EFQWSL )}

1 ny=1n,=1

Mymax MNama ’ '
|e Z Z {ngs(ny’nzv EFQWSL )} +{T926(ny’nz’ EFQWSL )}

ny=1n,=1

b_
U

2.14 Einstein relation in 11-V1 effective mass quantum wire superlattices
The dispersion law in 11-VI, EMQWSLs can be written as

<ol ]

in which, pu(nn E)=-[cos*(f4(n,n,,E
B
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The electron concentration in this case can be expressed as

Np = ( Zjv j f yzm“j |:T927 (nx Ny Erqus ) +To (nx Ny Erqus )] (57)
n—1 n,-1
where, Toor (nx’ Ny, Erqust ) = [Pls (nx' Ny, Ecqwst )]1/2 and
Tozs (nx Ny Erqus ) = ZS: L(r)[Tgn (nx' Ny Erqust )J .
=}

Thus, using equation (57) and (511) leads to the expression of the DMR as

f yix |:T927 (nx ' r]y’ EFQWSL ) +T928 (nx’ ny’ EFQWSL )i|

2 _ é . n;=1 n,=1 ' : (58)
g {T927 (nx’ ny, EFQWSL )} + {ngs (nx' ny, EFQWSL )} :I
n,=l n,=1
2.15 Einstein relation in 1V-VI1 effective mass quantum wire superlattices
The dispersion law in IV-VI, EMQWSLs can be written as
k? =[p14(ny,nz,E)} (59)
in which, p14(ny,nz,E):%[cos1(fl4(ny,nZ,E))T—{¢(ny,nz)}

(N0, E) =3, cos[aoc7 (n.n,,E)+b,D; (ny,n,, E)}—a10 cos[aOC7 (n,.n,,E)=byD; (ny,n,, E)]

1/2
G (ny’ n,, E) = |:EH11 + Hzl(ny’ n, ):|_|:E2H31 + EH41(ny,nZ)+ HSl(ny,nZ)le}

1

1/2
D, (ny’nz’ E)E|:|:EH12 + H22(ny’nz)i|_|:E2H32 + EH42(ny,nZ)+ H., (ny,nz)}m] .

The electron concentration in this case can be expressed as
29\/ Mymex Mamax
Np = (7) Z Z |:T929 (ny’ n,, EFQWSL ) +T930 (ny’ n,, EFQWSL )} (60)
n,=1n,=1
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where, Tozg (ny’ n,, EFQWSL) = [pm (ny’ N, Erqust )TIZ and

Tozo (ny’ n,, EFQWSL ) = Z L(r)[ngg (ny’ n,, EFQWSL )] :

r=1

Thus, using equation (60) and (5) leads to the expression of the DMR as

nYmax nzmax

Z Z |:T929 (ny’ nz’ EFQWSL ) +T930 (ny’ nz’ EFQWSL ):|

1 -1 n,=
_ -1 n,-1 (61)

| Ymax Zmax 4 4

z Z { 929(n n EFQWSL)} +{T930(ny’nZ’EFQWSL)}

ny=1n,=1

~ |O

2.16 Einstein relation in HgTe/CdTe effective mass quantum wire superlattices
The dispersion law in HgTe/CdTe, EMQWSLs can be written as

Ky :|:p15(ny7nz’ E)] (62)
in which, pls(ny,nz, E) %[cos-l(fls(ny,nz, E))]z_{(é(ny,nz)},
fls(ny,nz,E):aﬂcos[aocs(ny,nz,E)+bOD8(ny,nZ,E)]—a12 cos[aoc (n.n,,E)- bODs(ny,nZ,E)J

8\ 'y 2! 2A2 y'z

(o E){B§+2AEBO«/B§+4AE 1o n)}] and

0 (1.) [ 2 o(e &, )l |

The electron concentration in this case can be expressed as
29\/ Y max VZmex
( j Z Z |: 931 (ny’ nz ! EFQWSL ) +T932 (ny’ nz’ EFQWSL ):| (63)
—1 n,=1

where, Ty, (ny’ n,, EFQWSL) = [/015 (ny’ n,, EFQWSL )]1/2 and

Toz (ny e EFQWSL) z L |: 931 (n n, EFQWSL )]
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The wuse of equations (63) and (5) leads to the expression of the DMR as

yzma:x f Toa (ny Ny EFQWSL)+T932 (ny Ny EFQWSL)
D 1 n,=1 n,=1
PR . ; , (64)

Z {T93l (ny’ nz ! EFQWSL )} + {T932 (ny’ nz ! EFQWSL )}

n,=1 n,=1

Results and discussion

Using the appropriate equations, we have plotted the DMR in figure 1 as a function of inverse
quantizing magnetic field for GaAs/GaixAlxAs, CdS/CdTe, PbTe/PbSnTe and HgTe/CdTe
superlattices with graded interfaces as shown by curves (a), (b), (c) and (d) respectively. Using the
same equations, we have plotted the DMR as function of electron concentration for GaAs/Ga;.-
xAlxAs, CdS/CdTe superlattices, as shown by curves (a) and (b), where as, in figure 3, the same
has been drawn for PbTe/PbSnTe and HgTe/CdTe superlattices respectively as shown by curves
(c) and (d) respectively. We have plotted the DMR in figure 4 and as a function of inverse
quantizing magnetic field for the aforementioned effective mass superlattices respectively. Using
the same equations, we have plotted the DMR as function of electron concentration for GaAs/Gas-
xAlxAs, CdS/CdTe effective mass superlattices, as shown by curves (a) and (b) in figure 5, where
as the same has been drawn for PbTe/PbSnTe and HgTe/CdTe effective mass superlattices
respectively as shown by curves (c) and (d) in figure 6 respectively. It appears from the said figures
that the DMR oscillates both with 1/B and no due to SdH effect, although the rates of variations
are totally band structures dependent for all types of superlattices as considered here. We have
plotted the normalized 1D DMR as function of film thickness for GaAs/GaixAlxAs, CdS/CdTe,
PbTe/PbSnTe and HgTe/CdTe quantum wire superlattices with graded interfaces as shown by
curves (a), (b), (c) and (d) of figure 7. In figure 8, we have plotted all cases of figure 7 as function
of electron concentration per unit length. It appears from both the figures 7 and 8 that the DMR
increases with decreasing film thickness and increasing electron concentration per unit length
respectively, although the numerical values are totally band structure dependent. We further plot
the normalized 1D DMR in quantum wire effective mass superlattices of the aforementioned
materials as functions of film thickness and electron concentration per unit length as shown by
curves (a), (b), (c) and (d) in figures 9 and 10 respectively. It appears that the DMR in this case
decreases with film thickness and increases with electron concentration for all the cases.
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Conclusion

In this paper an attempt is made to study the Einstein relation for the diffusivity mobility ratio
(DMR) under magnetic quantization in I11-V, 1I-VI, 1IV-VI and HgTe/CdTe SLs with graded
interfaces by formulating the appropriate electron statistics. We have also investigated the DMR
in 111-V, 11-VI, IV-VI and HgTe/CdTe effective mass SLs in the presence of quantizing magnetic
field respectively. The DMRs in quantum wire GaAs/Gai-xAlxAs, CdS/CdTe, PbTe/PbSnTe and
HgTe/CdTe SLs and the corresponding effective mass SLs have further been studied. It appears
that the DMR oscillates both with inverse quantizing magnetic field and electron concentration for
GaAs/GaixAlxAs, CdS/CdTe, PbTe/PbSnTe and HgTe/CdTe superlattices with graded interfaces.
The DMR decreases with increasing film thickness and decreasing electron concentration for the
said superlattices under 2D quantization of wave vector space.
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Fig 1 The plot of the DMR as a function of inverse quantizing magnetic field for (a) GaAs/Gai-<AlxAs (b) CdS/CdTe
(c) PbTe/PbSnTe and (d) HgTe/CdTe superlattices with graded interfaces.

0.03

B=2Tesla
/P
0.045 - (b)

0.04 1

%

0.035 1 (a)
0.03 1
0.025 1

0.02 4

Normalized DNMIR

0.013

0.01 4

0.005 1

0 I 1 I 1 1 I I 1 I
0.1 1.1 21 31 4.1 3 6.1 [A 8.1 91 101

Concentration ( X 1023m3)

Fig 2 The plot of the DMR as a function of electron concentration for (a) GaAs/Gai-xAlxAs and
(b) CdS/CdTe superlattices with graded interfaces.
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Fig 3 The plot of the DMR as a function of electron concentration for (¢) PbTe/PbSnTe and (d) HgTe/CdTe
superlattices with graded interfaces.
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Fig 4 The plot of the DMR as a function of inverse quantizing magnetic field for (a) GaAs/Gai-xAlxAs (b) CdS/CdTe
(c) PbTe/PbSnTe and (d) HgTe/CdTe effective mass superlattices.
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Fig 5 The plot of the DMR as a function of electron concentration for (a) GaAs/Gai-xAlxAs and (b) CdS/CdTe
effective mass superlattices.
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Fig 6 The plot of the DMR as a function of electron concentration for (¢) PbTe/PbSnTe and (d) HgTe/CdTe
effective mass superlattices.
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Fig 7 The plot of the 1D DMR as a function of film thickness for (a) GaAs/Gai-xAlxAs (b) CdS/CdTe (c)
PbTe/PbSnTe and (d) HgTe/CdTe superlattices with graded interfaces.
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Fig 8 The plot of the 1D DMR as a function of surface electron concentration for (a) GaAs/GaixAlxAs (b)
CdS/CdTe (c) PbTe/PbSnTe and (d) HgTe/CdTe superlattices with graded interfaces.
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Fig 9 The plot of the 1D DMR as a function of film thickness for (2) GaAs/GaixAlxAs (b) CdS/CdTe (c)
PbTe/PbSnTe and (d) HgTe/CdTe effective mass superlattices.
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Fig 10 The plot of the 1D DMR as a function of surface electron concentration for (a) GaAs/Gai-xAlxAs (b)
CdS/CdTe (c) PbTe/PbSnTe and (d) HgTe/CdTe effective mass superlattices.
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