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Transmission and escape in finite superlattices with Gaussian modulation
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We study the transmission and escape energies dependent as a function of the electron energy in superlattices where the barriers height is
modulated by a Gaussian function and they are compared with those produced by regular superlattices where all the barriers have the same
height. We use for the calculations the effective mass approximation using the transfer matrix formalism. For Gaussian systems with 7 and

9 barriers, the transmission coefficient has passbands with almost perfect transmission. The escap&erefgies I" are situated near

these transparency bands but they do not coincide with them and they can be far from the pag$biaritle.electron energy ariddescribe

the width of the states. For these systems the escape states are very wide. In the case of regular systems there are transmission bands which
present only resonance peaks with unit value. The escape states are narrow and coincide with these resonances much better than in the case
of Gaussian superlattices but the coincidence is not perfect. For 3 barriers where the height of the lateral barriers is reduced gradually, the
resonances transform to transparency bands and the width of the escape energies increases. Although there is no coincidence, we associate
the increase of width of the escape energies with the formation of transparency bands.

Keywords: Effective mass; transmission; escape; transfer matrix formalism.

Estudiamos la transmisn y energas de escape como fubaide la enerig en superredes donde las alturas de las barreés rsiduladas

por una fundbn gaussiana y son comparados con los producidos por una superred regular donde todas las alturas de las barreras es la misma.
Para los alculos utilizamos la aproximamn de masa efectiva usando el formalismo de matrices de transferencia. Para sistemas gaussianos

con 7y 9 barreras, el coeficiente de transamisiene bandas de paso con transanisiasi perfecta. La enées de escapf = E, + i’

estn situadas cerca de las bandas de pBAs@s la ener@ del electbn yT" describe el ancho de los estados. Para estos sistemas los estados

de escape son amplios. En el caso de los sistemas regulares existen bandas detinaqsengdo presentan picos de resonancia con valor

unitario. Los estados de escape son estrechos y coinciden con las resonancias mucho mejor que en el caso de superredes gaussianas pero la
coincidencia no es perfecta. Para 3 barreras donde la altura de las barreras laterales se reduce gradualmente, las resonancias se convierten
a las bandas de transparencia y la anchura de lasias&lg escape aumenta. Aunque no hay una coincidencia, asociamos el aumento del

ancho de las enei@s de escape con la formanide bandas de transparencia.

Descriptores: Masa efectiva; transmisn; escape; formalismo de matrices de transferencia.

PACS: 73.21.Cd; 73.40.Gk

1. Introduction conductor heterostructures in order to understand their funda-
mental properties. Formerly in the literature the transmission

At the 70's years, Esaki and Tsu [1] proposed to make artififor superlattices with a Gaussian modulation in the barriers
cial semiconductor structures where the charge carriers wef potentials heights has been studied. For these systems, the
confined. First results were obtained confining electrons ifighest barrier is at the center of the structure and the heights
two dimensions (quantum wells and superlattices), followedPf the adjacent barriers decrease in a Gaussian way toward the
by confining electrons in one and zero dimensions (quanturgnds of the superlattice. These systems have the outstanding
wires and dots). The necessity to control the optical and¢haracteristic that the transmission spectrum presents trans-
electronic properties of semiconductor systems, caused tHrency bands or passbands with almost perfect transmission,
birth of the heterostructures with a variable number of in-separated by gaps or stopbands where practically there is not
terfaces [2] The techno|ogica| progress in information andransmiSSion at all. We eStabliSh, in this Work, that these type
communication these last years has had an enormous infl@f structures allow that the electrons can escape more eas-
ence not only in aspects of research but also in the socily from the system, causing that the lifetime of those energy
ety, [3,4] for examp|e, in lasers designing, information Stor-StateS be short. Therefore, the energy width of the states in-
age and development of devices for saving and producing eréféases due to the Heisenberg's Uncertainty Principle. The
ergy, etc. Nowadays it is usual the access to portable an@verlap of these energy resonances would cause the rise of
non-portable personal computers or the usage of cellular teléhe transparency bands. We calculate the transmittance and
phones which have a lot of services that not long ago wer&scape energies of electrons in superlattices with 7 and 9 bar-
inimaginab|e_ Therefore, it is indispensab|e to Study Semi.riers with Gaussian modulation for the barriers helght, and



TRANSMISSION AND ESCAPE IN FINITE SUPERLATTICES WITH GAUSSIAN MODULATION 133

we compare this transmittance with that produced by regu- AE} (2) + BE[(2) z€ (—o00,21)

lar superlattices where all the barriers have the same height. g (,) = { T(z, 2,)®(z,) 2 € (21, 2R) (5)
Likewise, we make a study of the transmission and escape n _

energies for a three barriers structure where the height of the CER(2) + DER(2)  z € (2R, +00)

lateral barriers is gradually reduced in relation to the central
barrier. These structures with Gaussian modulation could be E} (z) = (
useful as filters where electrons can be transmitted almost
totally when their energy corresponds to a transparency band 1
(passband), and rejected if their energy corresponds to a stop-E; (z ( ik ) e~ tkr(z=2L) (6)
band [5-7]. “my
In order to perform the calculations for the systems men- 1
tioned above, we rely on the effective mass approximation, E}(z) = ( ik ) etkr(z=2R) .
using the transfer matrix formalism; this approach is pre- mp
sented in Sec. 2. In Sec. 3 we describe the structures we ( 1 )

e—ikR(z—zR)’

1 .
ik (z—z .
s > gikr(z=21)

mr

)
)
)

are interested in. In Sec. 4 we present our results. Finally, in Ex(2) =
Sec. 5 we formulate our conclusion.

O

_ikp
mR
whereT(z, z;,) is the ATM [13] and the magnitudés,, kr

2. Theoretical model are defined by

. . . . 2
We describe the propagation of electrons with variable mass kp = Z;L (E-Vp) (8)
by means of the Ben Daniel Duke’s equation [8-11]
2mR
R2d [ 1 d¥(z) kr =\ =5 (E~Vr). 9)
R e = RCUC R O R es

The continuity conditions oa;, andzg gives the match-
where¥(z) and () /m(z) are continuous functions. We ing condition
study one-dimensional systems where the profile for the po-

+ - _ O+ -
tential Vs, s (z) and for the mass,s(z) is described as ATE] + BTE, =CE}, + DE. (10)

In order to simplify the notation, we write

Vi (=00, 2L)
VsyS(z) = V(z) (zr,%r) (2) E% = EjLE(ZL)
Ve (2r,+00) EL = Ei(2p)
my  (—00,2) T=T(zr,21) - (11)
Mmsys(2) =4 m(z) (z1,2r) ®3) . o _
The transmission coefficient is given by the ratio of the
mpr (zRa +OO)

probability current for the transmitted wave over that of the
] ) incident wave:T = |jirand /|jinc|- This coefficient indicates

In other words, we consider a system where at its endsy, pronanility that a particle goes through a barrier due to the
the potentials and the masses are constént U, mr and  nne effect [14]. We consider the scattering problem where
mg), while in the intermediate zone the potenfidlz) and 16 is an incident wave from left, other reflected back to the
the massn(z) are dependent on the position (the growth di-jef and a transmitted wave to the right of the structure, which
rection of the heterostructure). means thaD = 0. The system of equations to solve for ob-

We use the next definition taining the expression for T is given by Eq. 10. The result
is
¥(2)
U(z) = W' (2) . (4) T— dkrkr, (12)
m(z) o ’

2 2

MRML, |:(T21 T,Ijgf,fL T12> Jr(%Tzer%Tn) }
To study the problems of transmission and escape we use
the transfer matrix formalism, specifically the called associ-  The reflection coefficienR is obtained in a similar way,
ated transfer matrix (ATM) [12]. or taking into account tha® + 7" = 1 [15].

According to the potential and mass profiles (Eqs. 2 and The problem of escape is related to having electrons con-
3), the solution of the problem expressed in terms of thdined in the heterostructure and due to the tunnel effect they
ATM, can be written as follows leave the system. We consider only outgoing waves, and the
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coefficientsA = 0 and D = 0 out of the interval(zy, zg). POTENT‘@};)PROFILE
Then Eg. 10 gives the transcendental equation [16]

k k krk

SRy 4+ Ty 4 <T21 - R T12> =0. (13) o

mpg my, mprmr

The solutions to Eq. 13 have the forf = E,. + iT, 0.01
where the real paiE, represents the energy levels while the
imaginary parfl® describe the fact that the energy levels are i
not stationary and they decay.

) ) 0.00:

3. Mass and potential profiles
We have expressions relatively general for the transmission——3p =500 o S T 200 002

coefficient gnd for the trascendental equat.lon of the escapEIGURE 2. Regular potential profile. Potential is given in Ry and
problems, in terms of the ATM. To determine the elements osition inA.

of the matrix is necessary to establish the potential and mass

profiles in which we are interested. The ATM of the system;oawise constants, and then the Eq. 1 becomes the
is obtained using the properties of these matrices [13,17-19 chidinger equation for each interval.

The first case at we are interested is a superlattice where the A potential with regular or uniform distribution is that

height of the barrier¥; are centered af, and modulated by made by barriers and wells like that of Fig. 2, that is to say,

i i = _— 2 2 i . . . .
the Gaussian functpﬁ(z) = Voexp ( z /‘,7 ), whereVy is _ the potential is constant and is the same for all the barriers.
a constant and,/v/2 is the standard deviation. We presentin e oftective mass is the same for all the barriers but different
Fig. 1 the Gaussian profile for a superlattice of 9 barriers. Thg,, . that of the wells.

structure is made of the materials AlGaAs/GaAs. The wells

are made of GaAs and the barriers can be built varying the

molar fractionz for the alloy Al, Ga, _,As. The highestbar- 4. Results and discussion

rier is Vy = 0.02425 Ry and corresponds to A5 Gay 55AS.

Until this value of Al concentration the alloy has direct gap.We present in Fig. 3 the transmittance T and the escape

In order to calculate the concentratiorand the electron ef- energiesE = E, + i’ for a superlattice with 9 barri-
fective mass in the alloy, we use the crystal virtual approxi-ers whose height has Gaussian modulation. The maximum
mation [20-22] with height for the central barrier i8; = 0.0242542 Ry. The
barriers thickness 8/, = 15 A and the thickness for the
V = 0.0539z wells is W,, = 62 A. The total length for the structure is
1 o 1 — 2 L = 631 A. We use Eqg. 14 in order to find the concentra-
= mZ + L, (14)  tionsz; and effective masses;. We takem = 0.15my,
i A mag

mg = 0.067mg, wheremy is the free electron mass. The
wherem 4 and mg are the effective masse for AlAs and widths (E, — (I'/2), E, + (I'/2)) associated to each energy
GaAs, respectively. Itis clear that we have potential and masg), are presented as shaded rectangles with different gray

POTENTIAL PROFILE
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FIGURE 3. T (continuous line) and the escape energies (dashed
FIGURE 1. Gaussian potential profile. Potential is given in Ry and lines) with their associated width for a Gaussian superlattice with 9
position inA. barriers W, = 15 A, W, = 62 AandL = 631 A.
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FIGURE 4. T and the escape energies with their associated widths
for a 9 barriers regular structurd?, = 15 A, W,, = 62 A and
L =631A.

FIGURE 6. T and the escape energies for a three barriers
structure. Central barrieV = 0.0242542 Ry, lateral barriers
Vi = 0.0187709 Ry, W, = 15A andW,, = 62A.

band, and moves away a little for the energies at the extremes
of the band. For the regular structure the escape energies are
much narrower than for those of the Gaussian superlattice,
which means that these states have larger lifetimes. We find
that, in general, the values of the escape energies are differ-
ent from the energy resonances in the transmittance, and this
is much more pronounced for Gaussian superlattices than for
regular ones. Maksimo¥ialso found this fact in his study
0.2 of propagation of electromagnetic waves in open multilayer
i systems [23]. They found that the escape frequencies and the
0.0t ! = e . transmission resonance frequencies are very similar but are
0.000 0.005 0.010 0.015 0.020 0.025 0.030 . . . .
BaEElR dlﬁerept in general. However in h|s' treatment on.re.songnt
tunneling in multilayer structures, Price does not distinguish
FIGURE 5. T and the escape energies for a Fhree barriers regulatyetween escape energies and resonance energies [24]. In the
structure.V = 0.0242542 Ry for the three barriers. case of a structure with only three barriers, when the struc-
ture is regular, with the same height for the three barriers,

tones. The height of the rectangles has no meaning. Thl‘—aig. 5 shows that the transmittance presents bands with only

transmitance has two passbands with almost perfect transmlts- o .
. : . ransmission resonances and the behavior is similar like that
sion below the highest central barrier, separated by a stop-

band, and another passband before the first narrower IoasE%:‘_the former regular superlattices with more barriers. Also
band. We found 8 escape energigsthat tend to group in e width of the escape energies is narrow and the values of

the passbands but no necessarily are inside the passbant le escape energies is near of the resonances. But when the

SomeE, can be situated outside of the passband. The es_elght of the lateral barriers is reduced, Fig. 6 shows that the

X . . . —resonances transform to passbands with high transmission in
cape energies for this Gaussian system have large Wldthzic’n interval of energy and the width of the escape energies in-
(E, — ('/2),E,. + (I'/2)), which means that these states 9 P 9

oo . . greases. Likewise, the position of the energies escape moves
have short lifetimes. Figure 4 shows the transmittance an 4 . :
away from the transmission maxima. Although there is no

the escape energies for a regular superlattice with 9 barrléxac:t coincidence of the escape energies and the transmission
ers with the the same heighf) = 0.0242542 Ry. In this P g

g maxima, we associate the large width of the escape energies
case there are also transmission bands separated by stopba 1% e formation of transparency bands
or gaps where there is no transmission, but the transmission P Y ’
bands consist of narrow transmission resonances. The num-
ber of peaks is equal to the number of wells in the structure5, Conclusion
in this case, 8 resonances. This corresponds to the splitting
of each level of one quantum well in 8 levels. For the regu-We have calculated the transmittance and escape energies
lar structure the coincidence between the transmission reséor a finite superlattice where the barriers height follows a
nances and the escape energies is much better than in the c&amussian modulation, and for a regular superlattice where all
of Gaussian superlattices. The escape energies almost colfte barriers have the same height. The Gaussian superlattice
cide with the transmission resonances, but the coincidence fgave broad intervals of energy or passbands where there is al-
not perfect. The coincidence is almost perfect for the escapmost total transmission, separated by stopbands where there
energies and resonances at the middle of the transmissias no propagation of electrons. For a regular superlattice there

Transmission coefficient
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are also transmission bands separated by stopbands, but thies to the formation of transparency bands. It is important to
transmission bands present only narrow resonance peaks. Fgiress that the mechanism leading to flat transmission is still
a Gaussian superlattice the escape energies have very wideknown. Our results are only an approximation of this sub-
linewidths and are situated inside or near the passbands, bigict as we perform a comparison of two boundary problems
they do not necessarily coincide with the passbands. The re@transmission and escape) on the same potential and mass
ular superlattice has escape energies with narrow linewidthgrofiles. It is known that the results of transmittance can be
and the values of the escape energies are much nearer to tleated to the conductance and the results of experiments with

transmission resonances but in general different from thentwo or four probes [26]. Work is in progress on this subject.
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