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We study the electron transmission probability in semiconductor superlattices where the height of
the barriers is modulated by a Gaussian profile. Such structures act as efficient energy band-pass
filters and, contrary to previous designs, it is expected to present a lower number of unintentional
defects and, consequently, better performance.jHvecharacteristic presents negative differential
resistance with peak-to-valley ratios much greater than in conventional semiconductor superlattices.
© 1999 American Institute of Physids$S0021-897699)06506-9

Quantum mechanics has a substantial impact in modershanging the mole fraction in &Ba _,As material system.
solid-state electronics. The occurrence of energy minibandsiote thatboththe barriers and the wells are modulated, that
separated by minigaps in a semiconductor superlatBt¢ is, the mole fraction varies in every layer of the SL. In par-
is a good example. The spatial overlap between electroniticular, the barrier height of the central barrier i¥ above
states of neighboring wells shifts the degenerate energy levrom the bottom of the adjacent well. A typical value pro-
els and lead to the appearance of minibands. Recent develosed in Ref. 3 i¥/;=0.45 eV, which would require prohibi-
opments in epitaxial growth technology have made possibl@vely high values of the mole fraction from the experimental
to tailor the band structure of SLs to nearly arbitrary preci-point of view. Such high values lead to a number of growth
sion. The resulting band structure strongly depends on thdefects which would make the device unreliabiecall that
potential profile and a variety of them have been proposedisorder leads to localization of electrons and hence to a
(square, sawtooth, paraboli€Electron transport in SLs was reduction of the transmission probabilifly
first considered by Esaki and TSwyho reported that a re- The aim of this article is twofold. First, we present a new
gion of negative differential resistan¢RDR) should occur. model of band-pass filter where only the barriers are modu-
Furthermore, if the length of the SL is shorter than the carriefated, whereas the wells are made of the same semiconductor
mean free path, coherent transmission through an ideal SL isay GaA$. We expect this setup will present better crystal-
possiblé? In this context, Tung and L&ehas recently pro- lographic quality than that proposed by Tsung and®lae,
posed a novel quantum mechanical energy band-pass filté@onsequently, higher efficiency in actual devices. Second, we
using SLs based on asymmetric guantum welisVs). Such study thej—V characteristic and find NDR with a peak-to-
structures present a Gaussian potential profile and allow theéalley ratio several orders of magnitude higher than in uni-
incident electrons to be nearly unscattered when the impinglorm SLs.
ing electron energy lies in the band pass. This is quite dif- \We consider a GaAs-fGa _As SL. For our present
ferent from the transmission characteristic liniform SLs ~ PUrposes, it is enough to focus on electron states close to the
with Kronig-Penney profile, where the transmission prob_conduction-band edge and use the effective mass approxima-
ability is not uniformly equal to unity within each miniband. tion. For simplicity we consider a uniform effective mass at

The band-pass filter proposed in Ref. 3 is a QW-basedhel valley throughout the structuren* =0.067m, m being
SL whose conduction-band edge is modulated by a Gaussidh€ free electron massMoreover, we take the momentum
function. The top of the barrier centeredxgt(herex denotes ~ Parallel to the layers equal to zero. We focus on electron
the spatial coordinate along the growth direcliim set ac- states close to the band gap and use the one—bgnd effective-
cording to the functio’/, exp(—xﬁ/oz), whereV, is constant Mass framework to calculate the envelope functions

anda/+/2 is the standard deviation of the Gaussian function. 22 d?

Similarly, the bottom of the well centered s}, is chosen as — —— —— T Vsu(X) [F(x)=EF(x), 1)
—Vyexp(-X3/d?). This potential profile is obtained by 2m* dx

whereVg (X) is the conduction-band profile. As it was men-
dElectronic mail: adame@valbuena.fis.ucm.es tioned above, the height of the barrier centeredxatis
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ficient 7 at a given energyE, 7=|Ay| 2. The calculated
transmission probability is plotted as a function of the inci-
dent energyE in Fig. 1(a). Notice the occurrence of two
bands below the highest barrier (0.35eVhe value of the
transmission probability for energies within these two bands
is almost equal to unity. This is a remarkable characteristic
of this devices because the number of barriers is rather small.
The uniform(i.e., Kronig-PenneySL with the same param-
eters also presents two bands with energy belgybut,
contrary to the Gaussian SL, the transmission probability is
not constant but oscillates as a function of endrgge Fig.
1(b)].

To seek a physical magnitude amenable to experimental
verification, we have numerically evaluated theV charac-
teristic of both kinds of SLs. The current density at a given
temperaturd for a SL subject to a uniform electric field can
be calculated within the stationary-state mddalee also
Ref. 8 for further details

m*eksT “N(E,V) 7(E,V)dE 3)
2772h3 0 1 T 1 1

j(V)=

whereV is the applied bias anki; the Boltzmann constant.
N(E,V) accounts for the occupation of states in both sides of
the device, according to the Fermi distribution function, and
it is given by

1+exd (Eg—E)/kgT]
1+exd(Eg—E—eW/kgT]/’ @

Er being the Fermi level, which will be assumed to be lo-
cated at the conduction-band edge of GaAs in what follows.
The transmission probability(E,V) at a given biasV is
obtained by discretizing the effective-mass Elj.for the SL
potentialVg (x) plus the linear potentiat- e VXL due to the
applied electric field,whereL is the SL length. The electric

N(E,V)=In

FIG. 1. (@ Plots of the Gaussian SL potential profile and transmissionfield is assumed to be applied only on the SL whereas it
probability. Notice the occurrence of two bands below the highest barriery,anishes at the contacts. We divide the intef@L] in a

(b) Plot of the transmission probability for a uniform SL with the same
number of barriers.

grid of points{x,=ks}, wheres is the integration step. The
discretized form of the effective-mass Ed@) may be cast in
the matrix form

Vo exp(—xﬁ/gz) but thg bottom of every v_veII lies at the same F(Xgs1) oy —1\( F(xp) F(Xo)
energy, which we will take as the origin of energy. In our F =11 o/lg =Py E ,
calculations we have takevi,=0.35eV. The width of the (%K) (Xk-1) (Xk-1) .
barriers is 1.5 nm, the width of the wells is 6.2 nm, and the ®
parametew is 28.875 nm. Figure (&) shows the conduction Where ay=2+(2m*s?/#%)[ Vs (x) —eVx/L—E]. This
band edge of the investigated SL with 15 barriers. form is suitable for a transfer-matrix approach to solve the
The corresponding envelope-function values at botrscattering problem. In fact, iterating this equation one ob-
sides of thenth barrier are related via ax22 transfer matrix  tains

M(n) whose elements can be cast in the foivhy(n) F(x )
—M%(n)=a, andM(n) = M%,(n) =43, (see, e.g., Refs. 5 ) g "'Po< F(xo) )ET(N )< F(xo) )
F(XNS) s F(x-1) SUR(x2y)

and 6. Letting N be the total number of barriers, the transfer
matrix of the SL is obtained as the produdi(N) (6)
=M(N)M(N—1)...M(1). TheelementTl;;(N)=Ay can be

easily calculated recursively from the relationship T(Ny) is the global transfer matrix arids is the number of

grid points in the SL.T(N,) is real and relates the wave
function at both edges of the structure. The solution of the
wave equation is the field-free region is given by

supplemented by the initial conditio®g,=1, A;= ;. The
knowledge ofAy enables us to obtain the transmission coef-

A=

gk reiak k<o,
F(Xk)={teiq,k k=N, (7)
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FIG. 2. j=V characteristic of Gaussiafsolid lineg and uniform(dashed

lines) SLs at(a) 77 and(b) 300 K.

where q,=2m*Es*#? and q,=2m* (E+eV)s?/#? for
smalls. Using Egs(6) and(7), we find that the transmission

coefficient is given by
4 sing, sing;,
"EVTTEEY
with

D(E,V)=T%+ T2+ T2+ T2,

+2(T14T1o+ T Top)cosq,

—2(T14T o+ T1oT)c0sq, —2(T14T2

+T1,T,7)C0Sq, cosq, + 2 sing, sing, ,

where the dependence @f; on Ng has been omitted for
brevity. Taking into account thaT(k)=P, T(k—1) and

T(0)=P, we find the following recurrence relation:

T11(K) = ayTyy(k—1) = Tyy(k—2),
T1AK) = ayT(k—1) = Tyo(k—2),
Toy(k)=Tay(k—1),
Too(K)=Tq(k—1),k=1,2--Ng.

(8a)

(8b)

9
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In order to determine the transmission coefficient, these
equations must be supplemented with the initial conditions
Tij(=1)=3ij, T1(0)=ap, T10)=-1, Tx(0)=1 and
T,,(0)=0. After the transmission coefficient has been deter-
mined numerically, we calculate the-V characteristic from
Eq. (3). We show in Fig. 2 thg—-V characteristic for both
Gaussian and uniform SLs at two different temperatures (77
and 300 K. We observe the occurrence of NDR in both SLs,
but the corresponding peak-to-valley ratios are quite differ-
ent. In particular, the Gaussian SL displays peak-to-valley
ratios 40 and 20 at 77 and 300 K, respectively. It is important
to mention that these results are based on the assumption of
purely ballistic current regime across the SL. In a recent
article, Rauctet al1° have found that the coherence length in
uniform GaAs-AlGa _,As is about 150 nm, namely larger
than the SL length we have studied (110)nitherefore, we
can confidently assume coherent transport across the SL.
To conclude, we have presented a new design of a band-
pass filters using SLs. We propose to modulate the barrier
heights with a Gaussian function, whereas the bottom of the
QWs remain unchanged. The obtained transmission prob-
ability is almost equal to unity within the allowed minibands.
Contrary to previous devices based on3h,the present SL
the mole fraction varies in the barriers but not in the wells,
allowing for a better crystallographic quality of the structure
and, consequently, leading to higher performance. We have
presented calculations of the-V characteristic and found
NDR in both Gaussian and uniform SLs. However, the cur-
rent density attained in Gaussian SLs is several orders of
magnitude larger than in uniform SLs for the same structural
parameters. This result allows us to experimentally verify
our predictions. Work along this direction is currently in
progress.
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