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Resonant tunneling in amorphous double-barrier structures
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Using the Kubo formula for the electrical conductivity, and a tight-binding Hamiltonian
represented on a Bethe lattice, we have developed a formalism to study the electronic and transport
properties of amorphous double-barrier structures. Quantum size effects are analyzed as a function
of the parameters of the heterostructure. The theoretical results are compared with I-V experimen-

tal curves.

I. INTRODUCTION

Tunneling through heterostructures has received spe-
cial attention because of its importance due to its practi-
cal applications involving negative differential resistance
and for the clarification of basic concepts of transport
properties in semiconductors.

Since the pioneering work by Tsu and Esaki! and by
Chang, Esaki, and Tsu® it is well known that resonant
tunneling plays a relevant role for perpendicular electron-
ic transport in heterostructures. After the work of
Abeles and Tiedje,® many groups started a new field of
research in amorphous semiconductors, such as the study
of amorphous semiconductor superlattices free from
strict matching requirements, such as, for example, ul-
trathin multiple-layered structures consisting of amor-
phous silicon sequentially alternating with other silicon-
based material. The unique optical and electrical proper-
ties of the multilayer structures have been attributed to
the quantized effect in the potential-well layer’~° as it
manifests itself in crystalline superlattices. Recently
several authors have reported resonant tunneling phe-
nomena through amorphous double-barrier structures
demonstrating the existence of quantized levels in ul-
trathin well layers,” as well as the existence of negative
differential resistance.®

The purpose of this work is to develop a theory to un-
derstand simultaneously, and within the context of the
same formalism, resonant tunneling and the electronic
properties derived from the electronic density of states
(DOS) of amorphous semiconductor structures and, in
particular, double-barrier devices.

In the past decade there has been a revitalization of
band-structure calculations using tight-binding models.
They have shown their capability of describing with great
accuracy the main features of the electronic bands and
the energy of formation of many crystalline, amorphous,
and alloy semiconductors using a relatively small local
base of five orbitals (sp’s*) per site.’

The tight-binding representation is particularly suit-
able for studying the effect of highly correlated local sys-
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tems. For semiconductors in particular it is appropriate
to study interfaces and disorder because it provides a
description in real space where it is natural to represent
the breakdown of the translation symmetry.

Formalisms which give a clear and very precise
description of the system in the reciprocal space have in
general difficulties in treating disorder or systems with in-
terfaces. Some concepts inherent to the existence of the
reciprocal space as is, for example, the case of the
effective mass, are ambiguous and, rigorously speaking,
not valid for these systems.

A significant effort has been made to study the elec-
tronic properties of heterostructures and superlattices
within the context of the effective-mass approach
representing the system by a continuous barrier profile
neglecting the existence of a discrete ordered or disor-
dered atomic structure.'”!> However, for few-layered
double-barrier structures for which the de Broglie wave
length is comparable to the distance between the atoms
or for disordered or amorphous systems with a particular
ring statistics they cannot be disregarded at all.

In the present paper we devote our attention to a study
of the tunneling in amorphous double-barrier structures
(ADBS’s) using a tight-binding Hamiltonian which
directly takes into account the atoms that constitute the
heterostructure including disorder as an essential in-
gredient. Up to now no theoretical studies have been re-
ported for the density of states and for the electrical con-
ductivity (EC) of ADBS’s considering the topology of an
amorphous lattice.

The electronic properties derived from an amorphous
topology have been extensively studied using the Bethe
lattice. Even if it is a simplification of the problem this
pseudolattice could be considered as a sort of zeroth-
order approximation for the ring statistics of an amor-
phous lattice because it eliminates all the rings from the
structure.’® Based on these ideas we represent the amor-
phicity by this pseudolattice.

The transport properties of the system are studied cal-
culating in an exact way the Kubo formula. We believe
that the solution of the Kubo formula is the correct way
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of studying the nonequilibrium problem relating via
linear-response theory the conductance to the equilibri-
um properties of the system.

Another advantage of the Kubo formalism is that it
permits one to obtain the dielectric function of the system
and its optical properties as a trivial extension of the
frequency-dependent conductivity.

II. THE STRUCTURE SIMULATION
BY THE BETHE LATTICE

To study the tunneling in an ADBS we choose a device
with structural disorder and simulate it by a Bethe lattice
(BL) with the coordination number equal to 4, as is
represented in Fig. 1(b). As has already been mentioned,

(a)

FIG. 1. (a) Schematic energy diagram for a simplified
double-barrier single-quantum-well structure. Regions 1 and 3
indicate the barriers and region 2 indicates the well. E, (E,) is
the conduction- (valence-) band edge of bulk electrodes and
quantum-well material. E, is the bulk energy band gap of the
barrier materials 1 and 3 and Eg2 is the energy band gap of the
quantum-well bulk material. (b) Representation of the double-
barrier structure in (a) by a Bethe lattice with Z =4. The open
(solid) circles represent 4 (B) atoms located at the barriers
(well). The dashed arrows represent the semi-infinite Bethe lat-
tice. zis chosen as the resultant transport direction along which
the electric field is applied. (c) One of the linear chains perpen-
dicular to the z direction where the decimation procedure is
performed.
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the BL has been extensively used to study amorphous sys-
tems because as it is a ringless pseudolattice it takes into
account in a zeroth-order approximation the ring statis-
tics of a structural disorder system. The BL is construct-
ed with a real-space disposition which guarantees that a
carrier created at z = — oo reaches z = o going through
the double-barrier structure. The open (solid) circles
represent A (B) atoms which are located at the barriers
(well) and the arrows represent semi-infinite BL. Al-
though it has not been drawn completely, each atom in
Fig. 1(b) has four nearest neighbors. Certainly the x and
y directions are merely pictorial representations to indi-
cate different linear chains that can be followed in each
constituent material of the ADBS. We have supposed the
ADBS to be embedded in an infinite amorphous system
with a finite and uniform conductivity characterized by
an inelastic collision time 7=7%/7), where 7 is a parameter
which takes into account the scattering due, for example,
to the existence of impurities, point defects, and other
sources different to the topological amorphicity.

III. HAMILTONIAN, GREEN FUNCTIONS,
DENSITY OF STATES,
AND CONDUCTIVITY FORMALISM

The heterostructure constituted by N atoms is
represented by the nearest-neighbor tight-binding Hamil-
tonian

H= 2 EigNict > Vi c“,c]g s (1)
i,j,o

where €; can assume, in principle, different values de-
pending on its localization i. These different values will
permit us to simulate the potential profile corresponding
to the heterostructure under the influence of an external
electric field. For the case of the double barrier we as-
sume ¢; =Eg—ievy/N where Eg=EF, for adjacent bar-
riers, Eg=E, for the central well, and v, is the external
potential applied to the system.

For the sake of simplicity the nearest- neighbor hop-
ping matrix elements will be taken constant (V;;=V) all
along the system. We are representing the Hamlltonlan
with one orbital per site in which case we restrict our-
selves to treat only the valence (conduction) band of the
semiconductor.

At zero temperature and for noninteracting electrons
the dc EC is obtained by the Kubo formula'* which in a
tight-binding base is given by

a(E)=—g— > T;ImGy(E +in)TyImG,(E +in) (2a)
ij, k1

or

E)-—~2T o, (E) (2b)

with
k,1

where Gj, is the nondiagonal retarded Green function
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and T is the current operator'* with matrix elements
Ty =V (Ry—R;), where R; corresponds to the spatial
coordinate of the atom /. The volume of the system is
and 0=2e? /4.

It is easy to show that the Green function and the con-
ductivity related quantity

P{UE)=, Gy (E +im)TyGy(E+in) ¥
k,1

satisfy the Dyson matricial equation

Q=g +g XQ", (4a)
where the 2 X2 matrices gi, X, and gi are
G; © g 0
S g pap S..
9= p; G 8 o g0
N _ (4b)
Xij 811+11X +811—1X
with
1 0
X°= 41 (4c)
The undressed locator g;* is given by
+ 1
ST 4d
8§ T E+i n—¢; (4d)

and the energy and length are taken in units of V, the
nearest-neighbor matrix element, and of «, the lattice pa-
rameter.

It is simple to show that the matrix element P,-ji is re-
lated to o; of Eq. (2c) through the relation
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The solution of the Dyson Eq. (4a), and Eq. (5¢), gives
us simultaneously the DOS and the dc EC of the system
for a particular Fermi level E =E. This formalism to
calculate the Kubo formula reduces the problem of calcu-
lating the nondiagonal Green function and of summing
Z>N? terms (Z is the coordination number) to a problem
of calculating the nearest-neighbor nondiagonal matrix
elements of the operator P and summing ZN terms given
in Eq. (5¢).

The Green functions for each site of the linear chain
along the z direction in Fig. 1(b) are obtained using the
transference matrix method, which allows us to write

Qz‘:[l—gi(X—QiL—vXJr+X+_Q_iR+1/X*)]_lg,- , (6)
Q; z(l_gi-X-QiL—vXﬂ&ﬂ v

QiR:(l_§1X+QzR+1IX7)Si—I ) ®)

where we have written for simplicity O, =Q;.

The quantities Q}F and QF refer to surface Green func-
tions of a semi-infinite structure which begins at — oo (L)
and + o (R) and end at site i.

The local density of states (LDOS) at site i is given in
terms of the diagonal matrix element of Q,(E), G;(E) by

p(E)Z—%Im[G,i(E)]. ©)

The matrix element P,-f in Eq. (3) necessary to evaluate

the EC is found as follows: The left and right surface
Green functions for two adjacent sites of the chain at k

Uij(E)Z%RC[P,;“(E)—PJ(E)] , (5a) and k +1 are related through the equation
which we call o for a particular point j, Qi k +1:Qf)_(+(Q1§+1 +21§+ X Qg +1) (10)

Uj(E):%Re[Pji_jJr](E)_Pj,‘j+1(E)] , (5b) from whiqh we obtain

.. .. GL +GR
obtaining for the conductivity + k_Tk+1 (11)

Pk k+1 L+, ~R
’ 1-Gy ™G
K Gk+1
o(E)=—L 5 0,(E) . (5c) and
J
|
) (PkL"*'GkL—)GIg{JjI+GkLi(P/§+71'G1%+G1§+‘161§++1)
Pryir1=— , (12)

where the superscripts + and — refer to those of g; in
Eq. (4d) used to calculate the matrix elements of Eq. (4b)
and G, (p,) corresponds to the diagonal (nondiagonal)
matrix element of the surface Green function Q; in Eq.
(6).

We solved the BL by decimating!® linear chains which
are, for example, along the x axis as shown in Fig. 1(c).
Each atom of this chain has already been renormalized
with the information given by Eq. (6) which, as it was an-
alyzed before, corresponds to the chain along the z axis.

(1—=GETGRN 1 —GEGET)

r
According to Fig. 1(c) the decimating equations are

Goo=8o +gol701Qm +gol7(ﬁ_€m ,
G10=81¥10G001+81¥12G »

G1o=81 ¥1eGotgi ¥i2 G > (13)
G0=8:¥51G10+8:¥23G3 »

G=g: Y5 Giot8: ¥ Gy >
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from which we obtain for the undressed renormalized site
Green function

g0 =[1—80(¥0121 ¥ 10t Y87 ¥1,)1 'g0 (14)
where V; and ¥, are renormalized according to
L_/oz =[1 _go(nglzw +I__/01§1l_/10 )]*1201511_/12 (15)
and
Vyo=I1 —8:(¥5181¥ 12T Y2989 ¥s, )]7122151210 ’ (16)

where, initially, ¥, and V,, are 2X2 identity matrices.
Then we dress each point of the chain along z with the re-
normalized result and repeat the process until conver-
gence. We get through this procedure the matrix ele-
ments necessary to obtain the DOS, and the EC using
Egs. (9) and (5b). Although we choose the z direction to
use the transference matrix method in our process to
solve the BL, we include through the hopping the con-
ductivity contributions between nearest neighbors orient-
ed in other directions when we renormalize linear chains
like that in Fig. 1(c). This is equivalent to saying that the
topological amorphicity is taken into account in the con-
ductivity calculation through the local density of states.

For the case of linear response the system is in thermo-
dynamical equilibrium and the Fermi level is a clear con-
cept, its value being the same along the structure. How-
ever, under the influence of a moderated applied external
voltage v, even if the Fermi level is still a useful concept,
it has to be considered site dependent. In this case the
quantity o ;(E) should be defined with a site-dependent
E{, o ;(Ef), in which case the conductivity will be a func-
tion of the Fermi level of the left source Ey; and of the
right source Epg such that evg=E; —Epz,

U(EFL;UO):—%EUj(EIf;) for Epy >Ef>Epg , (17)
j

where the variation of the Fermi level with the position j
will be assumed to be linear between Ey; and E gy,

Ef=Ep —evoj/N, , (18)

with N, the number of atomic layers in the z direction
and j the order number of each layer in which we consid-
er constant the Fermi level for a particular value of the
external applied voltage. A more sophisticated assump-
tion requires the self-consistent solution of the charge
profile in the presence of an electrical current, which is
outside the scope of this paper.

To calculate the current of the system by means of the
linear-response theory we decompose the applied voltage
in infinitesimal contributions. Each of them can be con-
sidered as an infinitesimal electric-field perturbation on
the system every time it has reached a stationary situa-
tion. The contribution to the current which circulates
along the structure due to these infinitesimal electric-field
perturbations is found integrating them from zero to v,.
Then

I(Ep;00)= [ "o (Ep,vdv (19)
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FIG. 2. Local density of states for an ADBS with E,=0.5,
20 layers in the barrier and 30 in the well, at the center (solid
curve) and at the border of the well (dashed curve) and at the
barrier border (dotted curve).
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FIG. 3. Variation of the first three resonant energy levels as a

function of the well width in an ADBS with E,=1.0, N,=6,
and =0.05.
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FIG. 4. Local density of states at the center of the well in an
ADBS with E;=0.5, N;,=10, N,=30, and n=0.05 (solid
curve), 7=0.025 (dashed curve), and 7=0.005 (dotted curve).

where v, is the external applied voltage. By virtue of Eq.
(18) it is obvious that the Fermi level through the struc-
ture will take values accordingly with the infinitesimal
decomposition of the applied voltage.

IV. RESULTS AND DISCUSSION

With the formalism developed before we study the
ADBS analyzing the LDOS at different atomic positions
and the behavior of the total DOS and the EC as a func-
tion of E and Ej for different barrier widths and heights
and well widths. We study systematically the variation of
the resonant level position as a function of the well width
and barrier thickness. We also study the I-V characteris-
tics of the device and compare it with recent experimen-
tal results.

The number of layers in the barrier N, and in the well
N, determine the width of the device. E is the height of
the barrier measured from the bottom of the well in units
of ¥V which we take equal to unity.

As an example the local density of states for an amor-
phous double-barrier structure with £, =0.5, 20 layers in
the barrier and 30 in the well are presented in Fig. 2 at
the center and the border of the well (solid and dashed
curves) and in the first atom inside the barrier after the
well border (dotted curve). As expected the resonant lev-
els manifest themselves as sharp peaks in the well, with a
smoother behavior at the border and even less structure
inside the barrier.

In Fig. 3 we present the variation of the first three reso-
nant level positions as a function of the well width for
E;=1.0, N;=6, and 7=0.05. As is observed when the
well width is increased, the positions of the resonant lev-
els go to lower values varying strongly for small well
widths and slowly for large values of the well width.
Also, in our study we found that the position and the
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Fermi Energy (Units of V)

FIG. 5. Conductivity as a function of the Fermi level for an
ADBS with E;=1.0, n=0.05, N, =S5, and N, =6 (solid curve),
N,=10 (dashed curve), N;=15 (dotted curve), and N,=20
(dot-dashed curve).

number of the resonant peaks are basically independent
of the barrier thickness. This means that in an ADBS
with a definite barrier height the quantum size effects are
determined by the well width.

In Fig. 4 we present the LDOS for an ADBS with
E,=0.5, N;=10, N,=30, and n=0.05 (solid curve),
1=0.025 (dashed curve), and 7=0.005 (dotted curve).
As the magnitude of the inelastic width 7 is decreased the
first two peaks increase in height and decrease in width,
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FIG. 6. Experimental I-V characteristics of an ADBS of a-
Si;N4,:H/(p-type doped a-Si:H)/a-Si;Ny,:H in Ref. 7 (dashed
curves), and our theoretical result for the same system (solid
curve).
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indicating that the tunneling is enhanced when the sys-
tem is free of inelastic scattering.

In Fig. 5 we present the conductivity as a function of
the Fermi energy for an ADBS with E;=1.0, =0.05,
and five layers at the well region with 6 (solid curve), 10
(dashed curve), 15 (dotted curve), and 20 (dot-dashed
curve) layers in each barrier. Two effects are observed
due to the increase of the barrier thickness: The magni-
tude of the conductivity is diminished and the position of
the higher resonant energy levels is weakly shifted to
higher values. This result is in agreement with that
found in 1D double-barrier structures.'®

We compare our results with the I-V measurements
done on double-barrier structures of a-Si;N,:H/p-type
doped a-Si:H/a-Si;N,:H by Miyazaki et al.’

In Fig. 6 we show the experimental I-¥ characteristics
of Ref. 7 and our results for an ADBS which simulates
the experimental device, with a thickness of 46 A for the
barriers, 40 A for the well, E, =1.7 eV, and the effective
mass equal to 0.1m; (m, being the electron rest mass),
which was the better value to make our results coincide
with the experiment, instead of the value 0.6m found by
Miyazaki et al.” using the electron transmission
coefficient treatment, which does not take into account
the amorphous and discrete nature of the structure. As
mentioned before, the Fermi level is supposed to change
through the structure with the same slope as the
potential-energy profile, determined by the applied volt-
age. As observed, we found current bumps similar to
those of the experimental situation, but located in slightly
different energy position and with some differences in in-
tensity. These bumps in the current correspond to reso-
nant states but are mainly weakened by the topological
disorder as our model reflects. From Fig. 1(b) it is clear
that our model up to here only simulates ADBS’s with
one kind of atom in the barrier and another in the well.
Obviously in a more realistic situation it is necessary to
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consider the contributions due to the thermal smearing of
the electron energy distribution and the electron scatter-
ing by microscopic fluctuations of the a-Si:H layer thick-
ness as pointed out in Ref. 7, as well as the contribution
of the sp? orbitals.

V. CONCLUSIONS

We have developed a formalism capable of studying
simultaneously the electronic and transport properties of
amorphous double-barrier structures using a model Ham-
iltonian which incorporates the discrete nature of the po-
tential as it is created by the atoms of the semiconductor
structure.

Additionally we found that in the ADBS the positions
of the resonant energy levels are practically independent
of the barrier thickness, which means that the quantum
size effects are entirely due to the well width and barrier
height. Also we found, as is well known, that reducing
the inelastic width 7 the resonant tunneling is more
selected in energy and enhanced but essentially at ener-
gies near the barrier height.

The positions of the peaks and the general shape of the
experimental I-V curves for ADBS can be well repro-
duced by our formalism. We believe that the inclusion of
p and s* orbitals in our model, which certainly will com-
plete the description of the system, will permit us to have
a better correspondence with the measured results of the
relative intensities. Work in this direction is in progress.
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