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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 de
creasing 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 quan
tum 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, organome
tallic 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 
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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 hav
ing 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 sys
tem 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 quan
tum effects become prominent the electrons at the Fermi surface are the major 
participants in the electron transport. The tel'.nary compound Hg1_xCdx Te is a 
classic very narrowgap semiconductor and is a very important optoelectronic ma
terial 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 Hg1_,,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 ap
plications 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 pres
ence 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] 

E = ap2 
- bp4 (1) 

where E is the total electron energy as measured from the edge of the conduc
tion 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 mo
mentum , b = ta 2

, t = (1- m* m01 
) 2 (3E; +4E9 .6. + 2.6. 2 )[E9 (E9 + .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 

Eo =-Ii [(!:_) 2 + (L)2] 7r2 + n,2]{; 
n,L 2m* a0 bo 2m* 

- t { n,27r2 [( ..::_) 2 + (~) 2] + n,2 J{;} 
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(2) 

and 

,,,o {£ . n7rz . L7rx ( }" . ) 
'l'n L = -b- srn -- srn -b- exp y '-y i 0 

' ao o ao o 
(3) 

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 Hamil
tonian can be written as 

iI = a [(-iii:>. + eBz) i + (-in :Y) j + (-in :z) k J 
2 

- t [(-iii:>. + eBz) i + (-in :Y) j + (-in :z) k J 
4 

where i , j and k are orthogonal trials. 
Therefore the total Hamiltonian is given by 
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There the modified electron energy spectrum up to the first order in QWs of op-

toelectronic 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) + aK;)
2 + a2(n, L) 

e2 B 2t 2 
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4
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The use of (8) leads to the expression of the EMM at the Fermi level EF as 

te 2 B2 

where p(n, L) = a(l - c(n)) - 2taa1(n, L), c(n) = --(z2
) m* 

and D(n, L) = a1 (n, L) + a2 (n, L) - tai(n, L) - c(n)a1(n, L). 

(9) 

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) 

where Q1 = 2t~2 (p(n,L)-Jp2(n,L)-4ta2Ep+4ta2D(n,L)) 

s d2r 

and Q2 = L,81Q1, ,81 = 2(ksT)2r (1- 21- 2r) ((2r) dE 2r. 

r=l F 
r is the set of real positive integers, ks is the Boltzmann constant, T is the tem-
perature 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 
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(12) 

For wide band-gap optoelectronic materials t --+ 0 and (11) and (12) get trans
formed into the well-known forms as [29] 

m*(EF , n,L) = m• (13) 

and 

(14) 

1 [ e2 B2 ] 
where g = kBT EF - a1(n, L) - -;:;-;-(z2 )n 

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 optoelec
tronic 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 

Using the appropriate equations together with the material constants [8, 
31] E9 (x, T) = [-0.302 + l.93x + 5.35 x 10- 4T(l - 2x) - 0.810x 2 + 0.832x3 ] eV, 
m*(x, T) = 3n2 E9 (x, T)/4P2(x), p 2(x) = n2 /2m0 (18 + 3x), B = 1 Tesla, 
2do = 50 nm, ~(x) = (0.63 + 0.24 - 0.27x 2

) eV for n-Hg1-xCdx Te and E9 (y) = 
(1.337 - 0.73y + 0.13y2)eV, x = 0.3, m*(y) = (0 .080 - 0.039y)m0 , y = 0.3, 
~(y) = (0 .114 + 0.26y - 0.22y2) eV for band parameters ofln1-xGaxAsyP1-y lat
tice 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 a0 for few 
subbands for no = 1014 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 intrin
sically 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 
a0 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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Fig. 1. Plot of m*(EF, n, L)/mo versus no 
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Fig. 2. Plot of m*(EF, n, L)/mo versus ~o 

In QWs of Hg1-xCdx Te in the presence of a parallel magnetic field corresponding 
(a) n = 1, L = 1, (b) n = 2, L = 1, and (c) n = 1, L = 2. The curves d, e and f 
exhibit the same dependence for In1-xGaxAsyP1-y lattice matched to InP for the said 
subbands respectively. The plots g and h exhibit the same dependence under the condition 
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 expe
rimental 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 the
oretically 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. 
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