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An attempt is made to study the thermoelectric power of the electrons under strong
magnetic quantization in HgTe/CdTe superlattices with graded structures and
to compare the same with that of the constituent materials by formulating the res-
pective expressions. It is found, that the thermoelectric power increases with de-
creasing electron concentration and increasing magnetic field, respectively, in an
oscillatory manner due to Shubnikov-de Haas effect. In addition, the well-known
expressions for bulk specimens of parabolic energy bands have been derived un-
der certain limiting conditions from our generalized relations.

1, Introduction

With recent advances in molecular beam epitaxy, fine line lithography, metal-
. argamic chemical vapour deposition and other experimental techniques, it has be-
come possible to grow semiconductor superlattices (SLs) composed of alternate
layers of two different degenerate materials with controlled thickness. The SL
has found wide applications in many new device structures, such as photodiodes?®’,
tunneling devices?, transistors®, light-emitters®, photodetectors®, etc. The in-
vestigations of the physical properties of narrow-gap SLs have increased greatly®’,
because they are important for optoelectronic devices and because the quality of
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heterostructures involving narrow-gap materials has been improved. We wish to
note that HgTe/CdTe SLs have raised a great deal of attention since 1979 when
they were first suggested as a promising new materials for long wavelength in-
frared detectors”’. Interest in Hg-based SLs has further been increased which
has revealed new properties with potential device applications®. These features
arise from the unique zero-band gap material HgTe® and the direct band-gap
material CdTe where CdTe can be described by three-band Kane model!®.
The combination of the aforementioned materials with specified dispersion re-
lations make HgTe/CdTe SL more attractive due to its ability to tailor material
properties for various applications.

We wish to note that the HgTe/CdTe SL has been proposed with the assump-
tion that the interfaces between the layers are sharply defined, as to be devoid of
any interface effect. As the potential form changes from a well (barrier) to a barrier
(well), an intermediate potential region exists for the electrons. Thus the influence
of the finite thickness of the interface on the electron dispersion law becomes very
important since the electron energy spectrum governs the electron transport in
semiconductors. In this paper we shall study the thermoelectric power of the
glectro)ns in HgTe/CdTe SL with graded structures under strong magnetic field

TPM).

It is well-known that the analysis of the thermoelectric power gives informa-
tion about the band structure, the density-of-states function and the effective
electron mass!?, The remarkable property of the TPM is that it is independent
of the scattering mechanisms, and in the case of spherical energy surfaces, the sha-
pe of the conduction band can be determined from its experimental determina-
tion!?, The TPM can be connected to the Einstein relation for the diffusivity-
mobility ratio, the Debye screening length and the carrier contribution to the
elastic constants in semiconductors having arbitrary dispersion laws!?. The dis-
covery of the quantum Hall effect! ® has brought interest to the study of the TPM
is semiconductor heterostructures. In recent years, the different modifications of
the TPM have extensively been investigated!4-19, Nevertheless, it appears from
the literature that the TPM is HgTe/CdTe SLs has yet to be investigated. In
what follows, we shall study the doping and the doping and the magnetic field de-
pedences of the TPM of HgTe/CdTe SL with graded ssructures and also in the
corresponding bulk materials by formulating the respective expressions.

2. Theoretical background

The dispersion relations of the conduction electrons in bulk specimens of
HgTe/CdTe SL are, respectively, given by?=19),

E= Aok2 + Bok (l)
and
EG (E, E,;, 4,) = K2k?[2m* )

where E is the energy as measured from the edge of the conduction band in the
absence of any quantization, 4, = #2/2m*, i = hf2n, h is Planck’s constant, m}
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is the effective electron mass at the edge of the conduction band of HgTe, B, =
= 3e2[128s,, e is electron charge, &, is permmxvity of HgTe, G(E, E,3,4,) =

- [(E+E,z)(E+E,2+A,) ( 2t 24 )] [E,,(E,,+A,) (E+E,, +

+ A 2)| and E,,,'4, and m} are the band-gap, spin-orbit splitting parame-

ter of the valence band and the effective electron mass at the edge of the con-
duction band of CdTe, respectively. Thus the electron energy spectrum in the
presence of a quantizing magnetic field E along z-direction in HgTe/CdTe SL
with graded structures can be expressed as

= [4(E,m)]"?|L, ©)

where 4 (E, n) = [p(E, n) — 2eB (n + —;—) A= 1L:],n (=0, 1,2...) is the Landau

quantum number, p (E, n) = [1/cos™! {p (B, n)}], 2y (E, n) = [2 cos k {B (E, n)} *

- cos {y (E,n)} + & (E, n), sin k {B (E, n)} - sin {y (E, n)} + 4, [(IQ (E,n)O~* (E,
n) — 30 (E, n)) Cosh {8 (E, n)} sin {y (E, n)} + (3K, (E,n) — Q*(E,n) K;' (E, n))
Cos {y (E, n)} sin k { B (E, ")} + 2(K; (E,n) — O* (E, ")) cos h {f (E, n)} cos {y (E,
n)} + (1/12) (5K;3 (E, n) 9~ (E, n) ¥ 500 (E, ) K;'' (E, n) — 340 (E, n) Ko (E,
) Ko (B, ) sia (8 (E, ) s (B, W) Ko (B, ) = 283G B — Vo, s

1/2
4+ 285 (n+ )| s BE M= Ko(Bon) (00— 40) 7 B m) = Q& )
* (bo — 4,), e (E,n) = [Ko (E, n) Q-1 (E,n) — Q(E, n) K;l (B;m)), EE=V, —
— E, V, is the potential barrier encountered by the electron, e; = E,,, Lo”—;‘
(ao + bo), (E ﬂ) [ +h4 {—Bo+{B°+4EA }1/2}2—2eBﬁ_ (” + 1 )] >

L, is the SL period, 4, is the interface width and a, and b, are the widths of the
barrier and well, respectively. The electron concentration can be expressed, using
Eq. (3), as

o = (eB/x*hLo) 3 91 + va] “)

where 9, = R.p. of (4 (Eo, n))!?, Eq = Ep + il', I" is broadening parameter,
1 .
i=)—=1, . =3 H[y,), r is the set of integers,
re=]

H=2(ksT)? (1 — 21-21) £ (2r) ;‘E’z,_,

kg is Boltzmann constant, T is temperature, { (2r) is the zeta function of order
2r and Ep is the Fermi energy in the present case.
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The TPM can be expressed!?
G = So/eﬂo (5)

where S, is the magnetoentropy per unit volume in the present case.

We can combine Eqs. (4) and (5) to get the TPM is HgTe/CdTe SL with
graded structures as

fimax

G =Co X Iy +¥]] (©)
BET

where Cy = and primes denote the differentiation w. r. t. Eg. The ma-

gneto-dispersion laws for bulk specimens can be written as
1
Wk + (n+ 1) ha, = X,(B) )

wherej = 1 and 2, wo = eBJm}, X, (E) = (440)~! [—B, + [/BE + 44,E)* and
X, (E)= EG(E,E,,,4,). Thus for bulk specimens of HgTe and CdTe, the
electron concentration and the TPM can, respectively, be expressed as

no = anﬁ::['l’s + 94 8)
and

G = c,”f:’:[w; +v] )
where ?

Cy = eBla?h, 93 = R.p. of V7o (B, b0 (Bo) = [ X, (Ba) — (m + ) hwas]

2
Y= EIH [ps] and C, = [#2ksTe,[3en,).

I:I:glecting broadening and under the conditions g, - © and E,; -> oo, the
Eqgs. (7) to (9) assume the well-known forms!7:1® as

E = iR[2m + (n + _;.) Fiwo, (10)
B = Nc.@o”i_:ﬁ. 12 () (11)

and
G=Cs % Fuy(n) (12)

where N, = 2 (2am* ksT|h?)3/2, @y = fiwgylksT, F,(7) is the Fermi-Dirac in-
tegral of order ¢!?, n = (kgT)" ‘[E, - (n + -%—) hiwo ,] and C3=n2ksN O ,[3en,.
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3. Results and discussion

Using Egs. (6) and (4) and taking the parameters!® m* = 0.025m,, & =

= 20G,, m¥ = 0.16my, 4, = 0.81eV, E;» = 1.6eV, T = 42K Vo =0.81¢eV,
Tp=3K, Ao—lo °m, qo = 5-10- 9m, bo =3- 10 9mandB—lTwehave
plotted the normalized TPM in HgTe/CdTe SL as a function of #, as shown in
plot a of Fig. 1. The simplified cases of 4, = 0, bulk materials of HgTe, CdTe
and that of parabolic semiconductors are also shown in the plots b, ¢, d and e,
respectively of Fig. 1 by using appropriate equations. With the same parameters as
used in obtaining Fig. 1, we have plotted in Fig. 2 all the above cases as functions
of B corresponding to an electron concentration 1023 m=3,
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Fig. 1. Plot of G/(kp/e) as a function of 7, in (a) HgTe/CdTe SL with 4, # 0, (b) HgTe/CdTe
SL with 4o = 0, (c) bulk HgTe, (d) bulk CdTe (e), parabolic energy bands.

It appears from Fig. 1 that the TPM increases with decreasing electron con-
centration in an oscillatory manner and the SL structure exhibit the largest value
of the TPM as compared to HgTe or CdTe for a given value of n,. Besides, the
finite value of the interface width enhances the value of the TPM in HgTe/CdTe
SL with respect to #o. From Fig. 2, we observe that the TPM increases with in-
creasing B in an oscillatory way and the appearance of the humps in both the
figures is due to Shubnikov-de Haas effect. The variations of TPM with n, and
B are totally band structure dependent. By knowing the TPM we can also deter-
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Fig. 2. Plot of G/(kg/e) as a function of B in (a) HgTe/CdTe SL with 4o # 0, (b) HgTe/CdTe
SL with 4, = 0, (c) bulk HgTe, (d) bulk Cd Te and (e) parabolic energy bands. (no = 1023 m~3).

mine the Einstein relation for the diffusivity-mobility ratio (a very important de-
vice parameters"’) for HgTe/CdTe SL and bulk specimens of HgTe and CdTe
under magnenc quantization since the same ratio is inversely proportional to the
TPM as given elsewhere!?,

We wish to note that the three-band Kane model is valid for III—V semicon-
ductors, in general, but should be used as such for studying the electronic proper-
ties of n-InAs where the Spm-orblt splitting parameter (4) is of the order of band
gap E,'®, Besides, for many important semiconductors 4 > E, (e. g. n-InSb,
n-Hgi_,Cd Te etc) or 4 < E, (e. g. GaAs, InP, ZnSe etc.). Under these ine-
qualities, the Eq. (7) gets sxmphﬁed as

E(1+7) = #oHfens + (n+ 7) hwos a3)
9 R

which is the well-known magneto-dispersion law of two-band 'Kane model!?.
f{\lso under the conditions E,;, - @ and &, -> oo the equations (7) and (13) assume
orm

E = K*k2m¥ + (n + -;-) Fiwo, (14)
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which is the well-known magneto-dispersion relation of the parabolic energy bands.
The dispersion relation of HgTe is given by the equation (2) and in formulating
the SL energy spectrum we have considered the finite thickness of the interface.
Thus we finally note that our simplified theoretical formulation covers various
semiconductors under different physical conditions since the study of the transport
phenomena and the derivation of the different electronic properties are based on
the dispersion relation in such materials.
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EFEKT MAGNETSKE KVANTIZACIJE NA TERMOELEKTRICKI
NAPON U HgTe/CdTe SUPERRESETKAMA SA STUPNJEVANOM
STRUKTUROM

KAMAKHYA P. GHATAK i ARDHENDU GHOSHAL
Faculty of Engineering and Technology, University of Yadavpur, Calcutta-700032, India
UDK 538.915
Originalni znanstveni rad
Utinjen je poku$aj razmatranja termoelektri¢ne elektromotorne sile elektrona u
sluéaju jake magnetske kvantizacije u HgTe/CdTe superreSetkama i njihova uspo-
redba s konstitutivnim materijalima. Nadeno je da termoelektri€ki napon raste s

opadanjem koncentracije elektrona i rastom magnetskog polja na oscilirajué¢i nadin
kao posljedica Shubnikov-de Haas efekta.
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