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Abstract— Numerical simulation is carried out to determine
of first three eigenstates of a multiple quantum well structure for
both constant and variable effective mass cases where
BenDaniel-Duke boundary condition is introduced for
computation of effective mass mismatch along with the
consideration of potential barrier dependence on material
composition of higher band-gap material. Dimensional
asymmetry is introduced to observe the change in eigenvalue, and
no. of layers is also varied to observe the same in absence of
electric field. GaAs/Al,Ga;_,As material composition is considered
for simulation purpose to estimate tunneling probability.
Variation of mole fraction provides a shift in eigenenergies for
resonance transmission.

Index Terms— Multiple Quantum Well Structure,
Eigenenergy, BenDaniel Duke Condition, Material composition

I. INTRODUCTION

Recent theoretical works on the resonant tunneling in
multibarrier heterostructures generates a lot of interest
amongst researchers, as it helps to characterize the electrical
and optical properties of ultrathin semiconductor devices,
which can be developed by advanced material growth
techniques, particularly molecular beam epitaxy and
metallo-organic chemical vapor deposition [1]-[3]. Design of
these nanoscale devices is based on the calculation of
transition probabilities which requires exact evaluation of
confined energy levels, and these may be varied by tailoring
the material composition and thicknesses of intermediate
layers. Thicknesses of the layers are comparable to the
de-Broglie wavelength, and due to the relatively larger mean
free path of electrons compared to the thickness, electrons
travel throughout the structure maintaining phase coherence
[4]. This leads to the formation of energy minibands, which
ultimately determine transmission probability of the device.
Computation of eigenenergy thus becomes the key factor for
analysis of multiple quantum well structures, where material
parameters along with near accurate picture of band diagram
become important from simulation perspective, and the
method adopted for the simulation also plays a vital role when
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level of accuracy is concerned.

Pioneering theoretical works on multibarrier ultrathin
structures was carried out by Easki and Tsu [5]-[6] where
electronic transport proceeds via resonant tunneling
mechanism, producing a series of energy levels and
associated subbnads due to quantization of carriers in the
direction of confinement. This was later followed by several
workers for development of a complete mathematical model
on barrier transmission [7]-[8] for 1-D potential
configuration. Later Mcllroy [9] analyzed the effect of carrier
wavefunctions with special attention on wavefunction
overlapping. Anemogiannis [10] also calculated the
eigenstates and lifetime considering the scattering
phenomenon.

MQW structure in presence and absence of electric field
can generally be analyzed by Transfer Matrix Technique
[71-[8], [11]-[13] where time-independent Schrodinger’s
equation with proper boundary conditions is solved; which is
also suitable for computation of eigenstates of dimensionally
asymmetric structures. MQW structure subjected to unbiased
conditions can be analyzed by different numerical procedures
as suggested by previous workers like Variational Method
[13], Airy’s function approach [7], [15], Finite Element
Method [16], Transfer Matrix Technique [11]-[13],
[17]-[18], Weighted Potential Method [19]. Gildenblat [7]
investigated the energy dependence and symmetry properties
of the transfer matrix describing the tunneling and reflection
processes in multiple asymmetric localized potential barriers.
The idea of high-Q electron energy filter proposed by Shen
[4] by increasing no. of well and barrier layers. Y.J.Hong et.
al. [20] analyzed the structure in a different generalized
approach to study resonant tunneling phenomenon, which can
be used for computation of eigenstates of double barrier,
double quantum well problems with proper boundary
conditions.

The present paper deals with determination of eigenenergy
of a superlattice structure in absence of applied electric field
for GaAs/Al,Ga;As material composition, which is a
reasonable experimental realization of the 1D confinement.
BenDaniel Duke boundary condition [21] have been applied
to solve the Schrddinger equation for the electronic envelope
function and predict the electronic
properties of multiple quantum
well device, and a comparative
study shows the importance of the
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condition when resonant tunneling is concerned. Several
theoretical workers incorporated this method [22]-[24] along
with the material parameters for computation of electron
energy states, where dimensional asymmetry and layer
number variation are introduced to observe the change in
eigenvalue. Contact barriers are also taken into account to
predict accurate transmission probability.

Il. THEORETICAL CONSIDERATION

Motion of a single electron in one dimension can be
computed by using Schrédinger’s equation:
h? d?
——— (@ +V(@yw () = E@Dy(2) (1)
2m  dz
Incorporating the concept of effective mass mismatch, i.e.

spatial variation of effective mass in Schrodinger’s equation,
we obtain
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In order to avoid differentiating discontinuous functions
and producing infinities, solution of Schrodinger’s equation
(2) requires envelope function approximation that is both y(z)
and (1/m*)(0y(z)/0z) are continuous by considering electron
transport across the heterojunction.

For the multiple quantum well structure under
consideration,
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g, = ¥2M V2E) 3.1)
n
&
J2m,E
K,=——— (3.2)
h

where k1 and k2 are the wavefunctions, solution of equation
(2) for different regions of the structure gives the eigenenergy
of the device in absence of electric field.

Let the envelope-functions in well and barrier regions be
yw(z) and wy,(z) respectively, then the BenDaniel duke
conditions can be written as-

WW (Z)|interface = Wb (Z)|interface (4'1)
and
1* dy,(2) _ 1* dy, (2) 42)
m,, dz m, dz

Imposing equations (4.1) and (4.2) on (2), we can obtain
eigenstates of the structure under consideration.

In the barrier and well regions, modified Schrodinger’s
equation’s are-

nol 1 0 _ 5
5 ﬁz[mb* D l//(z):|+vb(z)‘//(z)_E(Z)l//(z) ()
and
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where m,” & m,,” are the effective masses of barrier and

well regions, and V, & V,, are potentials respectively.
Effective mass of higher bandgap material is considered as

V/(Z)}VW(Z)!//(Z) =E@y(2) ©
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a function of mole composition of Al & Ga, which also
determines the conduction band discontinuity, taken into
account for computation purpose, as it determines the
potential barrier height; i.e., composite band diagram of the
superlattice.

I1l. NUMERICAL ANALYSIS

Numerical computation of first three eigenenergy states of
multiple quantum well structure having 8 wells and 7 barriers
starts with a realistic consideration of finite thickness of
contact barriers and they are made of AlGa;,As
material, which is generally not considered in various
literatures for simplification purpose, but extremely
important from experimental point-of-view. Variation
of barrier width for constant well width and barrier
height for both constant and variable effective mass cases
provide same nature where eigenvalue has a greater
magnitude when effective mass mismatch at junctions are

taken into account.
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Fig 1: Eigenenergy profile for first three eigenstates with
barrier width for constant effective mass

When barrier and well have comparable dimensions,
eigenstates form a miniband, but as the dimensional mismatch
increases by decreasing barrier width, the miniband collapses
and distinguishable energystates may be observed for both the
conditions. These are described in fig 1 & fig 2.
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Fig 2: Eigenenergy profile for first three eigenstates with

barrier width for variable effective mass
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Variation of well width shows a much reduced effect on
eigenenergy when separation between the states are
concerned, i.e. miniband exists irrespective of well width
when barrier has a considerable dimension. With increment of
well width for both the effective mass condition, eigenvalues
decrease exponentially. Fig 3 shows the constant effective
mass case.
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Fig 3: Eigenenergy profile for first three eigenstates with
well width for constant effective mass

When Ben-Daniel duke condition is implemented, it is
observed that for comparative dimensional considerations,
eigenvalues begin to become constant, and for higher well
width, they are independent of device dimensions, as
concluded from fig 4.

0.25 T T T T T T T

!

0z

0.15

Eigenenergy [eV]

5] 9 10
Well Width [nml

Fig 4: Eigenenergy profile for first three eigenstates with
well width for variable effective mass

By increasing number of well layers, it is observed that
when effective mass is constant throughout the structure,
ground state energy remains almost unchanged, whereas it
reduces when higher states are considered. This is shown in
fig 5.

Retrieval Number: D086071511/2011©BEIESP

69

ISSN: 2231-2307, Volume-1, Issue-4, September 2011

0.02581 ; ; ; ; ; ;
— E1
no2EsE —&-Ep | ]
* O
% .
— (0258 * ]
N
g . .
= .
2 a L
R aric] . o ]
L TA R
= e S S
A g
F— Ty ]
002579 F S S W {
T — — ]
T — —— — 4 — — %
0.025785 L ! . | ! .
3 4 5 B 8 g 10

7
No. of Wellg

Fig 5: Eigenenergy profile for first three eigenstates with
number of well layers for constant effective mass

Considering mismatch at junctions, it is found out that for
less number of layers, first two states of eigenenergy
decreases, but for higher states, it decreases rapidly, as
depicted in fig 6. For sufficient no. of layers, minibands start
to form.
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Fig 6: Eigenenergy profile for first three eigenstates with
number of well layers for variable effective mass

By varying the potential height of the higher bandgap
material, i.e., changing the material composition of AlGaAs,
it is observed that eigenenergy starts increasing and for
GaAs/Aly 3Gag ;As composition, eigenstates attain maximum
value; then show a decreasing nature. This is pictorially
represented in fig 7.
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But considering mismatch at heterojunctions, peak of the
eigenstates occur at GaAs/Alg 1,Gag ggAS composition, then a
rapid decrement occurs, as shown in fig 8. Simulation is
carried out for that range, when AlGaAs remains direct
bandgap material. It is also noted that when Al mole fraction
exceeds 0.2, miniband formation begins, as difference
between consecutive two states becomes extremely small.
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IV. CONCLUSION

From the analysis, it may be concluded that when barrier
potential and effective mass are considered as function of
material composition for computation of eigenstates, a large
variation is observed which is important from fabrication
point-of-view. Resonant tunneling can only be possible at
eigenstates, and thus proper design and modeling of structure
is required for wave-function engineering. Modification of
spatial dimension is also included to add flexibility. Finally, it
can be stated that incorporation of complex effects such as
many-electron interaction, interface scattering etc. have a
sensitive effect on eigenenergies and therefore, should be
considered in constructing a complete picture about
transmission.

Retrieval Number: D086071511/2011©BEIESP

70

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

F.Capasso, K.Mohammed and A.Y.Cho, Resonant Tunneling Through
Double Barriers, Perpendicular Quantum Transport Phenomena in
Superlattices, and Their Device Applications, IEEE Journal of
Quantum Electronics, Vol.22, p.1853, 1986.

D.D.Coon, R.P.G.Karunasiri and L.Z.Liu, “Narrow Band Infrared
Detection in Multiquantum Well Structures”, Applied Physics Letters,
Vol. 47, p.289, 1985.

D.S.Patil and D.K.Gautam, “Analysis of Effect of Temperature on
ZnSSe Based Blue Laser Diode Characteristics at 507 nm
Wavelength”, Physica B, Vol.344, 140, 2004.

M.Shen and W.Cao, “Electronic Band-Structure Engineering of
GaAs/AlxGal-xAs Quantum Well Superlattices with Substrates”,
Vol.B103, p.122, 2003.

Leaked and L.L.Chang, “New Transport Phenomenon in
Semiconductor Superlattice”, Physical Review Letters, Vol.33, p.495,
1974.

L.L.Chang, L.Esaki and R.Tsu, “Resonant Tunneling in
Semiconductor Double Barriers”, Applied Physics Letters, Vol.24,
p.12, 1974.

S.Vatannia and G.Gildenblat, “Airy’s Function Implementation of the
Transfer-Matrix Method for Resonant Tunneling in Variably Spaced
Finite Superlattices”, IEEE Journal of Quantum Electronics, Vol.32,
p.1093, 1996.

K.Talele and D.S.Patil, “Analysis of Wavefunction, Energy and
Transmission ~ Coefficients in  GaN/AIGaN  Superlattice
Nanostructures”, Progress In Electromagnetics Research, Vol.81, p.
237, 2008.

P.W.A Mcllroy, “Effect of an Electric Field on Electron and Hole
Wavefunctions in a Multiquantum Well Structure”, Journal of Applied
Physics, Vol.59, 3532, 1986.

E.Anemogiannis, “Bound and Quasibound State Calculations for
Biased/Unbiased Semiconductor Quantum Heterostructures”, IEEE
Journal of Quantum Electronics, Vol.29, p. 2731, 1993.

C.E.Simion and C.L.Ciucu, “Triple-Barrier Resonant Tunneling: A
Transfer Matrix Approach”, Romanian Reports in Physics, Vol.59,
p.805, 2007.

A K.Ghatak, K.Thyagarajan and M.R.Shenoy, “A Novel Numerical
Technique for Solving the One-Dimensional Schrodinger Equation
using Matrix Approach - Application to Quantum Well Structures”,
IEEE Journal of Quantum Electronics, Vol.24, p.1524, 1988.
AR.Sugg and J.P.C.Leburton, “Modeling of Modulation-Doped
Multiple Quantum-Well structures in Applied Electric Fields using the
Transfer-Matrix Technique”, IEEE Journal of Quantum Electronics,
Vol.27, p. 224, 1991.

G.Bastard, E.E.Mendez, L.L.Chang and L.Esaki, “Variational
Calculations on a Quantum Well in an Electric Field”, Physical Review
B, Vol.28, p.3241, 1983.

K. F. Brennan and C.J.Summers, “Theory of Resonant Tunneling in a
Variably Spaced Multiquantum Well Structure: An Airy Function
Approach”, Journal of Applied Physics, Vol.51, p.614, 1987.
K.Hayata, M.Koshiba, K.Nakamura and A.Shimizu, “Eigenstate
Calculations of Quantum Well Structures using Finite Elements”,
Electronics Letters, VVol.24, p.614, 1988.

E.P.Samuel and D.S.Patil, “Analysis of Wavefunction Distribution in
Quantum Well Biased Laser Diode using Transfer Matrix Method”,
Progress in Electromagnetics Research Letters, Vol.1, p.119, 2008.
B.Jonsson and S.T.Eng, “Solving the Schrodinger Equation in
Arbitrary Quantum-Well Profiles using the Transfer-Matrix Method”,
IEEE Journal of Quantum Electronics, Vol.26, p. 2025, 1990.

Y.Tsuji and M.Koshiba, "Analysis of Complex Eigenenergies of an
Electron in Two-and Three-Dimensionally Confined Systems using the
Weighted Potential Method", Microelectronics Journal, Vol.30,
p.1001, 1999.

Y.J.Hong, J.G.Zhi, Z.Yan, L W.Wu, S.Y.Chun, W.Z.Guo and X.J.Jun,
“Resonant Tunneling in Barrier-In-Well and Well-In-Well Structures”,
Chinese Physics Letters, Vol.25, p.4391, 2008.

D.J.BenDaniel and C.B.Duke, "Space-Charge Effects on Electron
Tunneling", Physical Review, Vol.152, p.683, 1966.

W.Wang, T.M.Hwang, W.W.Lin and J.L.Liu, “Numerical Methods for
Semiconductor Heterostructures with Band Nonparabolicity”, Journal
of Computational Physics, Vol.190, p.141, 2003.

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication

www.ijsce.org.

Exploring Innovation’



International Journal of Soft Computing and Engineering (IJSCE)
ISSN: 2231-2307, Volume-1, Issue-4, September 2011

23. H.Asnani, R.Mahajan, P.Pathak and V.A.Singh, “Effective Mass
Theory of a Two-Dimensional Quantum Dot in the Presence of
Magnetic Field”, Pramana- Journal of Physics, Vol.73, p.573, 2009.

24. Y.Li, O.Voskoboynikov, C.P.Lee, S.M.Sze and O.Tretyak, “Electron
Energy State Dependence on the Shape and Size of Semiconductor
Quantum Dots", Journal of Applied Physics, VVol.90, p.6416, 2001.

AUTHORS PROFILE

Arpan Deyasi is an Assistant Professor in the

~ Department of Electronics & Communication
Engineering in RCC Institute of Information
Technology under West Bengal University of
Technology, Kolkata, West Bengal, INDIA. He

received B.Sc in Physics with Hons, B.Tech in

I Radio Physics & Electronics and M.Tech in
B Radio Physics & Electronics, all from University
of Calcutta in 2000, 2003 & 2005 respectively. Currently he is working in
the area on semiconductor nanostructure from University of Calcutta. He has
published a few papers in national & international journals and conferences.

Swapan Bhattacharyya is Professor in
Department of Computer science and
engineering in Asansol Engineering College
under West Bengal University of Technology,
Burdwan, West Bengal, INDIA. He received his
B.Sc. (Hons.) degree in physics from the
University of Calcutta in 1982, the integrated M.
Tech. degree in radio physics and electronics
from the University of Calcutta, in 1987. In
1988, he joined TGC at Jamshedpur, India as a Senior Customer Support
Engineer, where he became the Branch Manager (Customer Support) in
1998 and in the next year he joined the Corporate Office-Mumbai as a
Corporate Manager (Customer Support). In May 2004, he joined the
Asansol Engineering College (India) as a System Manager, where he is the
Head of the department of Computer Science and Engineering since
December, 2004. His field of research in the area of Semiconductor
nanostructures with special focus on Quantum dots for information and
communication applications. He has also special interest in natural language
processing, and use of IT for rural development. From January, 2007 to June,
2007 he worked as a visiting faculty at ICFAI Institute, India. Mr.
Bhattacharyya was a recipient of a National Scholarship. He worked in
academic administration of several reputed technical institute and
universities in India. He has published many technical research papers in
national and international journals and in conference proceedings. He also
served as a conveyer of technical committee for several national conferences
and seminars. He is a member of IEEE, LEOS Chapter and life member of IE
(Institute of Engineers, India).

Published By:
Retrieval Number: D086071511/2011©BEIESP Blue Eyes Intelligence Engineering

71 & Sciences Publication Exploring Innovation




