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This article concerns a novel negative-conductance device consisting of a series of N laterally
indented barriers which exhibits resonant tunneling under one bias polarity and simple tunneling
under the opposite one, thus acting as a rectifier. Electrons undergo resonant tunneling when the bias
creates a band profile with N triangular wells which can each contain a resonant state. From 1 to N
the addition of each indentation can be used to increase the current density and the rectification ratio,
calculated at the current-peak bias at resonance, provided that at a given bias all the states in the
triangular wells align each other with the emitter Fermi energy in order to form a resonance along
the structure. ©1996 American Institute of Physics.@S0021-8979~96!07019-3#

I. INTRODUCTION

Resonant tunneling through multi-barrier quantum struc-
tures is known since the pioneering work by Changet al.1

Nevertheless, only a decade later, improvement of the qual-
ity of the tunneling heterostructures led to envisage their
potential application as electronic and optoelectronic
devices.2,3 Since then there has also been a major effort to
understand the phenomenon from a theoretical point of
view.4–8

One of the feasible applications of resonant tunneling
structures is as a quantum well ultra-fast oscillator. In this
context Sollneret al.9 have demonstrated that operation of
double-barrier quantum well diodes in an ac field can result
in dc negative differential resistance~NDR! at small dc bias
voltage. The explanation of this result was given by Liu and
Coon,10 based on the theory of resonant tunneling. After-
wards it was shown that two-step single barrier diodes~SI!
may be used as rectifying devices,11,12opening up the possi-
bility of observing NDR under an ac field in the absence of a
dc voltage, due to their intrinsic asymmetry.11 Moreover, the
potential barriers which control rectification as well as the
resonant mechanism are independent of the charge carrier
distribution.

In the present work it is shown that the reverse-bias cur-
rent density and the rectification ratio can be considerably
enhanced using a sequence of N barriers.

II. RESULTS AND DISCUSSION

The structure consists of a degenerately doped tunneling
emitter, an N-indented single barrier, and a degenerately
doped collector. For the sake of clarity, attention will be
focused on SI, double-indented~DI!, and triple-indented~TI!
diodes. The total length of the active layer is kept nearly
constant, in order not to change the positive-bias current. The
unbiased conduction band profile for a TI single barrier is
shown in Fig. 1. The unbiased conduction-band profile for SI
and DI single barriers can be inferred assuming one and two
indentations, respectively, in Fig. 1. With a reverse bias, the
three steps become triangular wells, a quasi-bound state ap-
pears in each one, and resonant-tunneling current can flow
through the structure when the three states match a state
~near the Fermi level! in the emitter forming a single reso-
nance of the structure@see Fig. 2~a!#. By applying forward
bias, a very low current flows and the device acts as a recti-
fier @Fig. 2~b!#. The magnitude of this current essentially
depends, in exponential form, on the thickness of the active
layer. It can thus be easily controlled by changing the width
of the barriers. In reverse bias condition, the existence of
other quasi-bound states, in addition to the single quasi-
bound state of the SI diode, has the effect of increasing the
probability of transmission of an electron from the emitter to
the collector, thereby enhancing the current density.
N-indented diodes, with N.3, may show interesting finite
superlattice properties, with qualitatively different confining
effects on electrons and holes as a function of applied volt-
age polarity. Here, however, attention will be focused on the
rectification enhancement with increasing N.a!Electronic mail: diventra@irrmasg11.epfl.ch
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The conduction band profile of Fig. 1 can be realized, for
example, by N layers of AlGaAs with different Al concen-
tration, which form the active layer between two n-doped
GaAs contacts.

We modeled the current-voltage~J-V! characteristics of
these AlGaAs/GaAs multistructures in the effective-mass ap-
proximation using the transfer matrix formalism,13 consisting
of solving the one-electron Shro¨dinger equation with scatter-
ing wave conditions, calculating the transmission coefficient
and the particle flux, and finally averaging the latter over
initial and final Fermi–Dirac distributions in order to obtain
the current for each applied voltage. A detailed description
of the calculations can be found elsewhere.14 The inelastic
processes as well as many-body effects which could be im-

portant for a detailed comparison between the real perfor-
mances of the device and the theoretical predictions were
neglected. The concern here is with the outlines of the trans-
port properties of the structure; the above model has demon-
strated its usefulness for this aim.1

In Fig. 3, the J-V characteristics of a TI diode~dashed-
dotted line!, a DI diode ~solid line!, and a SI structure
~dashed line! are shown. The materials parameters are cho-
sen in order to keep the positive-bias current unchanged for
the above three structures and this can be simply obtained
choosing an equal total length of the active layer. The effec-
tive mass is expressed asm* (x)5(0.06710.083x)m0,
wherem0 is the free electron mass andx is the Al concen-
tration of the barriers15 ~see Fig. 1 for the meaning of the
symbols!. For the SI diode,U150.45 eV, U250.3 eV,
S1530 Å, andS2560 Å; for the DI diodeU150.45 eV,
U250.3 eV, U350.15 eV, S1530 Å, S2530 Å, and
S3530 Å, and for the TI diodeU150.45 eV,U250.35 eV,
U350.20 eV,U450.10,S1525 Å,S2525 Å,S3525 Å and
S4525 Å. Offsets for theG profile up to 0.45 eV are used in
order to minimize theG2X coupling effects,16 which, in any
case, have only been clearly identified in AlAs single barrier
devices17 and should have no major influence on the rectifi-
cation properties analyzed here. On the other hand, the com-
plexity introduced by theX-like states may be interesting
from a fundamental physical point of view, since theX mini-
mum will also define a N-indented barrier with opposite po-
larity. The temperature is 77 K and the Fermi level of the
degenerately doped emitter and the collector is positioned at
20 meV above the bottom of the conduction band~the zero
of the energy scale!.

The current density in reverse bias is much larger for the
TI and DI diodes than the SI diode, and the TI diode shows
a higher rectification ratio than the DI diode; the rectification
ratios ~defined as the ratio between the maximum negative-
bias current and the symmetric positive-bias current! are
'950 for the DI,'2500 for the TI, and'100 for the SI
diode. The peak-to-valley ratios are instead practically the
same,'~3:1!. Thus, the addition of an indentation to the SI
diode increases the rectification ratio of about an order of
magnitude. Another indentation further increases the rectifi-
cation ratio by a factor of'2.5.

FIG. 1. Unbiased conduction band profile of a triple-indented diode.

FIG. 2. Conduction band profile of the TI diode in~a! reverse bias case and
~b! forward bias.V0 is the external potential.

FIG. 3. The current density vs the applied voltage characteristics for the TI
diode ~dashed-dotted line!, the DI diode ~solid line!, and the SI diode
~dashed line!.
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The N-indented barrier can be thought as a single trian-
gular barrier in the forward direction. Therefore all the de-
vices shown here show the same behavior for forward bias,
since the length of two sides of the triangles are kept con-
stant~the active layer of the device is nearly equal and the
highest barrier step is the same for the three diodes!. In the
reverse bias situation, the effective barriers that define the
triangular wells become smaller with an increase in the num-
ber of indentations. Therefore the resonances become wider
with increasing N, resulting in two related effects: higher
peak currents, but also higher off-resonant currents.18 This
behavior leads to a nearly constant peak-to-valley ratio, but
increasing rectification with the number of indentations. It
should be noted that there is no gain in the transmission
probability if the quasi-bound states of each triangular well
are not all lined up with the states near the Fermi energy. The
rectification ratios depend, of course, on the material param-
eters of the structures and rectification is predicted for any
structure containing at least one such element. It is expected
to increase by putting in series several elements of this
kind.12

III. CONCLUSION

In conclusion, novel structures which exhibit resonant
tunneling under one bias and simple tunneling under the op-
posite one are proposed. These rectifiers are improved ver-
sions of the single-indented quantum structure previously
proposed.11 They consist of N indented barriers and the ad-
dition of each indentation~in the suitable way explained
above! increases rectification. Since these quantum structures
use tunneling as the conductivity mechanism, very fast delay
times in their performances are expected. This could find
application in high-speed electronics.

ACKNOWLEDGMENTS

This work has been supported by the Swiss National
Project ‘‘Sciences, Applications et Technologies Optiques’’
of the EPF Council, by the Fond National Swisse de La
Recherche Grant No. 70UP-031557, and by the Ecole Poly-
technique Fe´dérale de Lausanne.

1L. L. Chang, L. Esaki, and R. Tsu, Appl. Phys. Lett.24, 593 ~1974!.
2T. C. L. G. Sollner, W. D. Goodhue, P. E. Tannenwald, C. D. Parker, and
D. D. Peck, Appl. Phys. Lett.43, 588 ~1983!.

3T. C. L. G. Sollner, P. E. Tannenwald, W. D. Goodhue, and D. D. Peck,
Appl. Phys. Lett.45, 1319~1984!.

4B. Ricco and M. Ya. Azbel, Phys. Rev. B29, 1970~1984!.
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