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Abstract . An attempt is made to study the effective electron mass at the
Fermi level in quantum wires of optoelectronic materials in the presence
of a parallel magnetic field on the basis of a newly derived ID-electron
dispersion law . It is found, taking n-Hgi-.rCd.r Te and Ini-.rGa.rAsyPi-y
lattice matched to InP as examples, that the effective Fermi level mass
depends on the size quantum numbers in addition to Fermi energy due
to the presence of magnetic field. The effective masses corresponding to
different subbands increase with increasing electron concentration and decreasing film thickness in various ways. Besides the numerical values of the
masses in quaternary alloys are greater than those of the same for ternary
compounds. In addition, the corresponding well-known results of quantum wires of wide gap materials in the absence of magnetic field have
also been obtained as special cases of our generalized formulation under
certain limiting conditions.

I. Introduction
With the advent of fine lithographical methods, molecular beam epitaxy, organometallic vapour phase epitaxy, and other experimental techniques, the low-dimensional
structures having quantum confinement in two or three directions such as quantum
wires and quantum dots in the last few years attracted much attention not only
for their potential in uncovering new phenomena in solid state science but also for
their interesting device applications [l]. Heterostructures based on various materials
are currently studied because of the enhancement of carrier mobility [2] and such
quantum confined systems find extensive applications in lasers [3], heterojunction
FET's [4], high speed digital networks (5], optical modulations [6], and also in other
50
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devices. In quantum wires (QWs), the motion of the electron is quantized in two
perpendicular directions in wave vector space and the carriers are allowed to move
freely in the single-free direction. In this paper we shall study the effective electron
mass in quantum wires of optoelectronic materials in the presence of a parallel
magnetic field.
The effec,tive electron mass in semiconducting materials being connected with
the carrier mobility, is one of the most important property which controls the device
performance [7]. Among the various definitions of the effective electron mass [8],
it is the effective momentum mass (hereafter referred to as EMM) that should be
regarded as the basic quantity [9]. This is due to the fact that it is that mass
which appears in the description of the electron transport in a band with arb.itrary
band nonparabolicity and plays the most dominant role in explaining the scattering
mechanisms [10].
Though EMM has extensively been studied in the recent years for materials having various band structures under different physical conditions (11- 16], it appears
in the literature that the EMM in QWs of optoelectronic compounds has yet to
be studied for a more interesting case which occurs in the presence of a parallel
magnetic field.
In the following, we shall study the EMM at the Fermi level, for the above system taking QWs of n-Hg1-xCdx Te and In1-xGaxAsyP1-y lattice matched to InP
as examples, since in degenerate materials at low temperatures where the quantum effects become prominent the electrons at the Fermi surface are the major
participants in the electron transport. The tel'.nary compound Hg 1_xCdx Te is a
classic very narrowgap semiconductor and is a very important optoelectronic material since the band gap can be varied to cover the spectral range from 0.8 µm to
over 30 µm by adjusting the alloy composition (17]. Hg1-xCdx Te finds extensive use
in the infrared detector materials (18] and the photovoltaic detector arrays in the 8
to 12 µm wave bands (19]. The above uses have spurred a Hg 1_,,Cd,, Te technology
for the production of high mobility single crystals with specially prepared surface
layers and the same material is ideally suited for narrow subband physics because
the relevant material constants are within easy experimental reach (20]. Besides, the
quaternary material Ini-xGaxAsy Pi-y lattice matched to InP finds extensive applications in the fabrication of hetero-junction lasers [21], light-emitting diodes (22],
avalanche photodiodes [23] , field effect transistors (24], detectors [25] and also in
other devices. In addition, new types of integrated optical devices such as switches ,
modulators and filters are made from such quaternary systems (26]. We shall use
Kane type energy bands since the above models are valid for the description of the
electron dispersion la~s in such materials (27]. We shall study the doping and the
thickness dependences of the EMM in QWs of the said compounds in the presence of a parallel magnetic field on the basis of a newly formulated ID-electron
dispersion law . This will make our study a generalized one, since we can obtain the
corresponding well-known results of QWs of wide gap materials in the absence of
a magnetic field under certain limiting conditions from our generalized expression.
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2. Theoretical Background
The energy spectrum of the conduction electrons in bulk specimens of optoelectronic
materials having nonparabolic band structure can be written as [28]
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where a0 and b0 are the widths along z and x directions respectively, io = .J=T, n
and L are the size quantum numbers along z and x axes respectively.
In the presence of a parallel magnetic field B along y direction, the total Hamiltonian can be written as
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Therefore the total Hamiltonian is given by
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where E is the total electron energy as measured from the edge of the conduction band in the vertically upward direction in the absence of any quantization,
a= (2m*)- 1 , m* is the effective electron mass at the band edge, pis electron momentum , b = ta 2 , t = (1- m* m 01 ) 2 (3E; +4E9 .6. + 2.6. 2 )[E9 (E 9 + .6.)(3E9 + 2.6.)J- 1 ,
mo is the free electron mass, E 9 is the band gap and .6. is the spinorbit splitting
parameter of the valence band.
The unperturbed energy eigen value and unperturbed wave function in QWs of
nonparabolic semirnnductors can , respectively, be expressed as
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There the modified electron energy spectrum up to the first order in QWs of optoelectronic materials in the presence of a parallel magnetic field B along y direction
can be expressed as

E =a1(n, L) +a/{; - t (a1(n, L)

and a2(n, L) =

(::r

2

+ aK;) + a2(n, L)

e2B2 2
(lieB)
m* (z )n - t m*

(L7r)
ba

2

where g

2

It appears then that the evaluation of the EMM as a function of doping requires
an expression of the electron concentration per unit length which can, in turn, be
written as

(10)

r=l

= L ,81Q3 .
r=l

4
2
(e2B2)
(z )n - l
m*
(z )n.

B
= a(l - c(n)) - 2taa 1(n, L), c(n) = -tem*
-(z2)
and D(n, L) = a 1 (n, L) + a 2 (n, L) - tai(n, L) - c(n)a1(n, L).

s

$

and Q4

2

where p(n, L)

2t~ 2 (p(n,L)-Jp 2(n,L)-4ta Ep+4ta2D(n,L))

and Q2 = L,81Q1, ,81

(1- 2t1

n

2

(9)

=

1

2ta

and

2
2
The use of (8) leads to the expression of the EMM at the Fermi level EF as

where Q1

-

(8)

+ ( ~:r]
2

=

For wide band-gap optc
formed into the well-know

e2 B 2t 2
2
- . ~(z )n (a1(n, L) + aK;)

where a1(n,L) =a [

where Q3

2

=2(ksT) 2r (1- 21- 2r) ((2r) dE

d2r

2 r.
F

r is the set of real positive integers, ks is the Boltzmann constant, T is the temperature and ((2r) is the zeta function of order 2r. In the absence of the magnetic
field B ___... 0 and (9) and (10) get simplified as

(11)

= k~T [EF - a1

and Fj (g) is the one-para
Thus we can summariz
way. First we have formula
tronic materials having no
magnetic field on the basi
have also obtained, unde1
EMM and n 0 for QWs of
above fact is the indirect I

3. Results and Discus

Using the appropriate
31] Eg(x, T) = [-0.30211
m*(x,T) = 31i 2 Eg(x,T)
2d 0 = 50nm, .6.(x) = (0.(
(1.337 - 0.73y + 0.13y 2)
.6.(y) = (0.114 + 0.26y - 0
tice matched to InP [32]
subbands for both materia
also been plotted in the a
In Fig. 2 we have also co~
subbands for no= 10 14 m·
simplified limiting cases h
above discussions the folio

On a Simplified Analysis of the Effective Electron Mass ...

ya

55

and

(12)

~:n4)

·

the first order in QWs of opnetic field B along y direction

where Q 3

=

J-

1
- (1 - 2ta 1(n, L) -

2ta

Jl -

4tEF)

s

and Q4

=L

fJ1Q3.

r=l

For wide band-gap optoelectronic materials t
formed into the well-known forms as [29]

(8)
m*(EF , n,L)

--+

= m•

0 and (11) and (12) get trans-

(13)

and

(14)

2

- t ( _e2-B2) (z 4 )n ·
2m*

1 [
e2 B2
]
where g = kBT EF - a 1(n, L) - -;:;-;-(z 2 )n

at the Fermi level E F as

+4ta2D(n,L)

(9)

2s2
• (z2)
l(n, L).
a function of doping requires
length which can, in turn, be

and Fj (g) is the one-parameter Fermi Dirac integral of order j [30] .
Thus we can summarize the whole mathematical background in the following
way. First we have formulated the expressions of EMM and n 0 in QWs of optoelectronic materials having nonparabolic band structures in the presence of a parallel
magnetic field on the basis of a newly formulated ID-electron dispersion law. We
have also obtained , under certain limiting conditions, the well-known results of
EMM and no for QWs of wide gap compounds in the absence of such field. The
above fact is the indirect theoretical test of our analysis.

3. Results and Discussion
(10)

4ta 2D(n,L))
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dE2r.
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ann constant, T is the temthe absence of the magnetic

Using the appropriate equations together with the material constants [8,
31] E 9 (x, T) = [-0.302 + l.93x + 5.35 x 10- 4 T(l - 2x) - 0.810x 2 + 0.832x 3 ] eV,
m*(x, T) = 3n 2 E 9 (x, T)/4P 2 (x), p 2 (x) = n 2 /2m 0 (18 + 3x), B = 1 Tesla,
2do = 50 nm, ~(x) = (0.63 + 0.24 - 0.27x 2 ) eV for n-Hg 1-xCdx Te and E 9 (y) =
(1.337 - 0.73y + 0.13y 2 )eV, x = 0.3, m*(y) = (0 .080 - 0.039y)m 0 , y = 0.3,
~(y) = (0 .114 + 0.26y - 0.22y 2 ) eV for band parameters ofln1-xGaxAsyP1-y lattice matched to InP [32] we have plotted the normalized EMM versus no for few
subbands for both materials as shown in Fig. 1 in which the same dependence has
also been plotted in the absence of magnetic field for the purpose of comparison.
In Fig. 2 we have also computed the normalized EMM as function of a 0 for few
subbands for no
10 14 m- 1 and b0
40 nm for both alloy materials in which the
simplified limiting cases have further been considered. From the figures and the
above discussions the following features follow:

=
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1. The dependence of the EMM on the quantum numbers is the intrinsic property of
the parallel magnetic field aided lD-system of nonparabolic materials. The band
nonparabolicity alone can explain the energy dependence of the effective mass,
but cannot take into account its functional dependence on the quantum numbers
in nonparabolic lD-systems as evident from (9) and (11) respectively. For intrinsically nonparabolic lD-systems under parallel magnetic field, the EMM depends
on the quantum numbers due to the presence of parallel magnetic field. Besides,
the same band nonparabolicity makes the mass quantum number dependent in
addition to the Fermi energy.
2. The EMM corresponding to electric quantum limits in QWs exhibits the highest
numerical values of all the cases. The EMMs increase with n 0 and decrease with
a 0 in various manners as apparent from all the figures.
3. The numerical values of the EMMs in quaternary alloys are greater than those
of the same for ternary compounds. Thus the influence of material constants on
the effective mass is also evident from the figures.
4. From the differences in the numerical magnitudes of the EMMs with respect to
the type of dispersion relations as evident from the figures, their influence on the
Boltzmann transport equation, which basically controls the carrier transport in
different materials under different physical conditions can easily be assessed.
5. The oscillations in various transport coefficients which occur in QWs would
further be influenced by the index dependent EMM in parallel magnetic field
aided lD-systems and the contributions of the EMM to the oscillatory mobility
would be important.
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B = 0 for Hg1-xCdx Te and In1-xGaxAsyP1-y lattice matched to InP respectively.
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It may be noted that the variations of the EMMs are totally band structure
dependent. With different sets of energy band constants, we shall get the different
numerical values of the EMM though the nature of variations will be unaltered.
The trend of curves of the EMMs for no and ao as shown here would be similar for
other types of ID-magnetic field aided nonparabolic materials. We have not plotted
the EMM with respect to other physical variables or considered other subbands for
the purpose of condensed presentation. To the best of our knowledge, the experimental data concerning our results are not available, though the importance of
understanding the EMM is already well- known in the whole field of optoelectronic
science and technology. It is worth remarking that the theoretical results given here
would be useful in analysing the experimental data when they appear. Finally, it
may be noted that the basic aim of our present paper is not only to investigate theoretically the EMM in QWs of nonparabolic materials in the presence of parallel
magnetic field on the basis of a newly formulated ID-electron dispersion law but
also to derive the electron statistics since transport phenomena and the derivation
of the expressions of various physical properties are based on the electron statistics
in such materials.

References
l. M. Tsuchiya, R.H. Yan, R. J . Simes, P. 0. Holtz, L.A. Coldren, P. M. Petroff. Phys.

Rev. L. , 62 (1989) 466.
2. N. T. Linch. Festkorperprobleme, 23 (1983) 227.
3. D. R. Scifres, C . Lindstrom, R. D. Burnham, W. Streifer and T. L . Paoli. Electron.
L. 19 (1983) 170.
4. T. E. Schlesinger and T. Kuech. Appl. Phys. L. 49 (1986) 519.
5. S. Tarucha and H. Okamoto. Appl. Phys . L. 45 (1984) 1; H. Hieblum , D. C. Thomas,
C. M. Knoedler and M. I. Nathan . Appl. Phys. L. 47 (1985) 1105.
6. 0. Aina, M. Mattingly, F. Y. Juan and P. K. Bhattacharyya. Appl. Phys. L. 50 (1987)
43.
7. S. Adachi. Appl. Phys. 58 (1985) 11.
8. R. Dornhaus and G. Nimtz. Springer Tracts in Model. Phys. 78 (1976) l.
9. W. Zawadzki . In: Handbook of Semiconductors (Ed. W. Paul, North Holland Publ.
Co., Amsterdam 1982) 719.
10. I. M. Tsidilkovskii . Band Structure of Semiconductors (Pergamon Press , London,
1982)
11. K. P. Ghatak and M. Monda!. Phys. Stat. Sol. (b) 175 (1993) 113.
12. K. P. Ghatak, N. Chatterjee and M. Monda!. Phys. Stat. Sol. (b) 138 (1987) K25.
13. K. P. Ghatak and B. Mitra. Int. J. Electronics 70 (1991) 343.
14. K. P. Ghatak and B. Mitra. Int. J. Electronics 72 (1992) 5141.
15. K. P. Ghatak and B. Mitra. Fizika 21 (1989) 363; K. P. Ghatak , B. Mitra and A.
Ghoshal. Phys. Stat. Sol. (b) 154 (1989) K121; K. P. Ghatak. Acta Physi ca Hung. 70
(1991) 77.
16. K. P. Ghatak and S. N. Biswas. Nonlinear Optics, 1993 (in press).
17. P. Y. Lu, C. H. Wang, C. M. Williams, S. N. G. Chu and C. M. Stiles. Appl. Phys.
L. 49 (1987) 1372.

58

I<. P. Ghatak, D. Bhattacharyya

18. N. K. Taskar. I. B. Bhat, K. K. Parat, D. Terry, H. Ehsani and S. K. Gandhi. J. Vac.
Sci . Tech. 7A (1989) 281.
19 . E. Weiss and N. Mainzer. J. Vac. Sci. Tech. 7A (1989) 391.
20. F . Koch In: 2D Systems, Heterostructures and Superlattices, Springer Series in Solid
State Science 53, Berlin-Heidelberg/New York 1984, 20.
21. T. Yamamoto, K. Sakai, S. Akiba and Y. Suematsu . IEEE J. Quantum Electronics
QE 14 (1978) 95.
22 . T. P. Pearsal, B. I. Miller and R . J. Capik. Appl. Phys. L. 28 (1976) 449.
23. G. E. Hurwitz and J. J . Hsieh . Appl. Phys. L. 32 (1978) 487.
24. P. Dapkus, D. Pascal, S. Lave!, L. Giraudet and M. Allovon. J. Appl. Phys. 67 (1991)
1384.
25. M.A . X. Washington, R. E. Nahray, M. A. Pollack and E. D. Beeke. Appl. Phys . L .
33 (1978) 854.
26. B. Broberg and S. Lindgren. Appl. Phys. 55 (1984) 3376; U. K. Mishra, J. F. Jensen ,
A. S. Brown, M. A. Thompson, I. M. Jelloian and R. S. Baulien. IEEE ED Letter
(1988) 482.
27. S. K. Sutradhar, D. Chattopadhyay and B. R . Nag. Phys. Rev. 25B (1982) 4069 .
28. G. E . Stillman, C. M. Wolfe and J. 0. Dimmack. Semicond. and Semimet. 12 (1977)
169.
29. A. N. Chakravarti, K . P. Ghatak, A. Dhar and K . K. Ghosh. Czech. J. Phys . 3 3B
(1983) 65 .
30 . K. P. Ghatak and A. Ghoshal. Phys. Stat. Sol. (b), 170 (1992) K27.
31. G. L. Hansen, J. L. Schmit and T. N. Casselman. J. Appl. Phys. 6 3 (1982) 7079; V .
G. Sredin, V. G. Savitskii, Ya. V. Danilyak, M. V. Miliyanchuk and I. V. Petrovich.
Sov. Phys. Semicond. 15 (1981) 249.
32. R. J. Nicholas, S. J. Sessions and J. C. Portal. Appl. Phys. L . 37 (1980) 179; P. M.
Laufer, F . H. Pollack, R. E. Nahary and M. A. Pollock. Solid. State Commun. 36
(1980) 419; S. Adachi. J. Appl. Phys. 5 3 (1982) 8775.

Bulgarian Journal of Physic1

LOW-FIE

MELT-SF

0 . POPOV

Faculty of J

S. NIKOLC

Departmeni

H. SASSIK

Institute of
M. MIKH

Faculty of ,
Received 12

Abstract.
gots and
as for some
allurgy, and
temperatur1

1. Introduction

Hopkinson-type thermom
reported since the beginn
current interest [3-6]. Th
for zero-field cooled samp
attributed to the decreas
increases up to Tc [2].
0. Popov and M. Mik
netic curves for random SJ
be easily explained and p1
ing into consideration the
- constant and spontaneou
haviour of the random sy
@1995 St. Kliment Ohridsl

