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Abstract—The heterestructure in which a quantum well is formed in the depletion region of the Schottky 
barrier is considered. The forward current—voltage characteristic of this structure is calculated and analyzed. 
It is shown that an N-shaped sharply nonlinear current—voltage characteristic is observed in a wide range of 
typical values of parameters of the structure under consideration. The characteristic has a clearly pronounced 
region with a negative differential resistance and a high peak-to-valley ratio. 
DOI: 10.1134/S1063782610040123 

Beginning with groundbreaking study [1], semi-
conductor resonant tunneling structures (RTSs) have 
been studied over three decades and devices based on 
these structures have been increasingly widely intro-
duced into practice. At the same time, the characteris-
tics of these devices—in particular, of particularly 
promising fast (gigahertz and terahertz frequency 
range) devices—have failed to exhibit a performance 
that would allow their commercial mass production, 
despite the impressive results of the solid-state tech-
nology. This is one of the main reasons why the num-
ber of publications concerned with RTSs remains con-
siderable. 

A heterostructure constituted by two potential bar-
riers and a quantum well (QW) between them most 
frequently serves as an RTS. In the absence of an 
external voltage, the potential profile of such a stan-
dard RTS is symmetric with respect to the vertical 
plane passing through the middle of the well. Appar-
ently, there exist variations in the mechanism with the 
use of a standard RTS and somewhat different ways to 
obtain sharply nonlinear current—voltage (I— V) char-
acteristics of the resonant tunneling current. For 
example, an opportunity to observe I— V characteris-
tics of this kind in a system in which a standard RTS is 
placed in a built-in electric field (specifically, in the 
space charge region of a Schottky barrier; see Fig. lb) 
was suggested in [2, 3], It is clear that the I—Vcharac-
teristics obtained in this system have certain specific 
features, which were analyzed in [2, 3], In this com-
munication, we call attention to the fact that systems 
with sharply nonlinear I—V characteristics have, as a 
variation, a structure in which a QW is formed as done 
in [2, 3] in the built-in field of a Schottky barrier, but 
in a somewhat different way (cf. Figs, la, lb). 

Since the shape of the potential barrier is not too 
important, we assume for the sake of simplicity that 
the potential in the depletion region linearly depends 
on the coordinate. The potential profile of the corre-
sponding structure is schematically shown in Fig. la. 

As the resonant level of the QW moves down to 
below the conduction band bottom of the semicon-
ductor, a portion with a negative differential resistance 
(NDR) appears in the I-^characteristic; this is possi-
ble upon application of a forward bias. 
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Fig. 1. (a) Potential profile of the structure under consid-
eration and (b) that of an RTS examined in [2, 3]. 
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The current density in structures of the type we 
consider is commonly calculated by the formula 

1 + s x p { E F - E / k B T ) 

1 + s x p [ ( E F + e V - E ) / k B T ] ' 

Jo = 
e m ( k a T ) 

2 n ti 

(1) 

where Fis the external potential, D(E) is the tunnel 
transparency coefficient dependent on the electron 
energy E, and the remaining designations are conven-
tional. 

The above calculations disregard such factors as 
nonparabolicity of the dispersion law, roughness of 
surfaces, etc., which cannot significantly affect the 
effect under consideration: observation of steeply 
nonlinear I— ̂ characteristics. 

The key parameter affecting the shape of /— Kchar-
acteristics is the transparency coefficient D for elec-
trons passing through the given system. We find it using 
the method of transfer matrices, according to which 

D _ 1 - 2 

m{kx 
^ i l (2) 

where m} 5 are effective electron masses in regions 1 
and 5, respectively; k, and k5 are quasi-momenta with 

kl 5 = 2 m > - s £
; a n d f u is an element of a transfer 

matrix T matching solutions to the Schrodinger equa-
tion between regions 1 and 5. In the effective mass 
method in the ID case, the Schrodinger equation has, 
for each of the five regions (Fig. 1), the form 

n2 aX(*) 
2 m„ d x 

+ e U n W n ( x ) = E „ V n ( x ) , (3) 

where n = 1, 2, 3, 4, 5. 
Assuming that the external voltage mostly drops on 

the depletion region, we write for the potential Un 

£/, s = 0, x < 0 , x > L ; 

U2,4= - 7 , 0 < x < x 2 , x3<x<L, (4) 

£A = U,[ 1 -I)-«/„. 

(5) 
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Fig. 2. Dependence of the transparency coefficient on the 
electron energy. 

where n - 1, 2, 3, 4, 5. In regions 1 and 5, the eigen-
functions are expressed in terms of plane waves, and in 
the intermediate regions, in terms of Airy functions. 
The coefficients an and bn can be found by using the 
standard procedure in which the eigenfunctions and 
their derivatives are matched (with the difference 
between the effective masses taken into account; 
see [4]) at the points corresponding to the heterointer-
face coordinates. Then, an and bn with different indi-
ces are interrelated by the transfer matrix Ms, where 
s = 1 separates regions 1 and 2; 5 = 2, regions 2 and 3; 
etc. We have, in particular, 

-! = MiMiMiMA 
b / S M S - (6) 

X1 < X < Xi 

where eU„ is the well depth [the quantities £/, = U0 ± V 
and L correspond to the height and width of the 
Schottky barrier (see Fig. 1)]. The coordinate is reck-
oned from the metal—semiconductor interface along 
the OX axis, and the energy, from the conduction band 
bottom of the semiconductor. 

We represent the solution to Eq. (3) as 

The elements of the matrices Ms are found in a 

common way, and the element Tn of the matrix T, 
which is necessary for calculating the transparency 
coefficient D, is calculated numerically. 

Let us briefly analyze the results obtained when 
calculating the coefficient D. Figure 2 shows the 
dependence of logD on the electron energy E for the 
following values of the parameters of the problem: 

et/, = 0.85 eV, eUw= 0.7 eV, x2 = 32A, 

x3 = 70 A, 1 = 1 5 0 A. 
The two lowest-in-energy maxima of this depen-

dence correspond to the resonant states of the QW (the 
further oscillating run of the log D{E) curve is known 
to be due to the above-barrier reflection of the electron 
wave). It can be seen that, at the taken typical and 
practically acceptable parameters, D reaches large val-
ues quite sufficient for providing an effective channel 
for the resonant tunneling current. For example, for 
the ground state, with which the appearance of a por-
tion with negative differential resistance in the I-Vchar-
acteristic is commonly associated, D is nearly unity at 
the chosen parameters. 

Figure 3 shows a nearly linear dependence of the 
resonance energy ET on t/, (the rest of the parameters 
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Fig. 3. Dependence of the resonance energy EIonUi. 

have the same values as above). The following fact is 
also noteworthy. As calculations show, the parameters 
of the structure under consideration can be easily cho-
sen in such a way that the transparency coefficient 
attains the maximum value immediately before the 
resonant level moves to below the conduction band 
bottom of the semiconductor (Er —• 0). This provides 
the largest peak current before the dropping portion in 
the NDR region of the I— ̂ characteristic. 

As for the important parameter affecting the reso-
nant tunneling current, i.e., the half-width T of the 
resonant level, it is T « 5 x 10~4 eV at the chosen values 
of the parameters. This value of T appears to depend 
on many parameters of the problem, but, as calcula-
tions show, this dependence is weak (naturally, within 
the practically acceptable variation ranges of the 
parameters of the problem). 

Figure 4 shows how the current density depends on 
the external voltage for the above values of the param-
eters for two temperatures: room temperature (curve 1) 
and liquid-nitrogen temperature (curve 2). In the cal-
culation, we took into account, in addition to the res-
onant tunneling current, the direct tunneling current 
and its above-barrier component. It can be seen that 
the structure under consideration does have an N-shaped 
sharply nonlinear I—V characteristic with a clearly 
pronounced portion of a negative differential resis-
tance. One of the main parameters of a /—Kcharacter-
istic with an NDR, its peak-to-valley current ratio, 
attains large values exceeding 103. Our calculations 
show that this is true for a wide range of parameters of 
the problem; in particular, large peak-to-valley ratios 
may occur at not only low, but also high, temperatures 
(Fig. 4). It is noteworthy that the cutoff voltage is con-
trolled by different parameters of the structure, such as 
Uw, x2, etc. It is known that such large values of the 
peak-to-valley ratio are also obtained in calculations 
of I—V characteristics for a number of other RTSs 
(in particular, these values are on the same order of 
magnitude for the structure considered in [2, 3], and 
an order of magnitude larger, as calculated in [5]). 
However, the ratios obtained in practice are more than 
two orders of magnitude smaller, the cause of such an 
important discrepancy still not being quite clear. The 
answer to the question as to which kind of structure 
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Fig. 4. Fragment of the J— K characteristic of the structure 
under consideration. 

gives the best peak-to-valley ratio can be, in the end, 
given only by an experiment. 

That the structure considered here provides the 
best current stability should be considered an advan-
tage: the known problem of charge storage in accumu-
lating layers of standard RTSs is alleviated because of 
the small number of these layers. It is also worth noting 
that the given structure has a smaller number of het-
erointerfaces the imperfection of which commonly 
adversely affects the characteristics of the resonant 
tunneling current. 

Let us, finally, consider the following circum-
stance. It is advantageous to fabricate RTSs in the first 
place from such semiconductors as silicon and germa-
nium, the technology of which is very well developed. 
It is known, however, that attempts to use these semi-
conductors encounter certain difficulties. The struc-
ture considered in this study is more promising in this 
regard compared with the standard RTS. For example, 
let us assume that the resonant level is formed by deep 
impurity states, rather than by the QW (states of this 
kind can be, e.g., created by impurity sheets introduc-
ing deep levels [6]). In this case the specific configura-
tion of the potential barrier in the structure under con-
sideration strongly facilitates the choice of the optimal 
parameters of Si- and Ge-based RTSs, compared with 
".he standard structure. This primarily refers to select-
ing a suitable energy Er of the resonant level, which 
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can be rather flexibly controlled by taking a required 
impurity and also by varying the electric field strength 
in the depletion region and the spatial localization of 
the impurity (UQ, L, and the distance between the 
impurity and the metal—semiconductor interface). Of 
practical importance in this regard is the fact that the 
required depth of the impurity level is substantially 
smaller than this depth in the case of the standard RTS 
(and, accordingly, lower voltages are necessary for 
reaching the N D R portion of the I— ̂ characteristic). 
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