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Abstract

The purpose of this work is to report a theoretical study for resonance tunneling
current density (J) of electrons tunneling through semiconductor super-lattice
system. The system that we have considered is (a-Si/Sil-xGex) hetero-junction
super-lattice within the energy range of E<the potential barrier height (V_0). From
such system, we determined the (J) dependency on number of barriers (N) and the
mole fraction (x). The results shown in this work not only shed new light on the
physics of resonant tunneling in electric barrier structure but are also helpful in

designing quantum devices based on multi-barrier tunneling structures.
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1. Introduction

The multi-barrier potential profile needed
for resonant tunneling may be realized using
semiconductor by variation of doping in the
same semiconductor material, but the most
successful approach is to use heterojunction
consisting of different types of semiconductor
materials [1]. A good combination of hetero-
junction devices is two materials of similar
lattice constant, but different in energy gap
(E_g) [2]. The basic example of an artificial
low-dimensional structure is an epitaxial
grown QW, which is formed by two hetero-
junctions or three layers of materials such that
the middle layer which has a lowest (E_c) for
an electron well or the highest (E_v ) for a hole
well, It is well known that a (QW) structure has
a finite number of bound states (ground state
plus exited states) for electrons and holes. In
quantum physics, properties are dominated by
the wave-nature of electrons (or holes), related
to the quantum mechanical wave function
(eigen function) which has a specific energy
(eigenvalue) associated with it. Recently,
extensive research works have been carried
out on hetero-junctions between amorphous
silicon (a-Si), and crystalline semiconductors,
because of their use in many semiconductor
devices, such as metal-amorphous silicon
FETs, solar cells. However, the physics of
amorphous-crystalline  hetero-junctions is
not clearly, understood yet [3]. On the other
hand, very little work has been done on the
(a-S1/Si1-xGex) hetero-junction, although (a-

Si) exhibits a series of important properties
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(e.g. wide optical band gap, mechanical
strength) and (SiGe) is the most well-known
semiconductor material, so that the (a-Si/
Sil-xGex) hetero-junction could be very
useful in many semiconductor devices [4]. In
(1969), research on quantum structures was
initiated with a proposed of an “engineered”
semiconductor super-lattice (SL) by Esaki and
Tsu [5]. The (SL) consider an alternating thin
layers of two or more materials with different
equilibrium lattice constants [6], coherent
layers on nanometer thickness scale may
be deposited by molecular-beam epitaxial
or metal-organic vapor deposition, so thus
building up a super periodic structure on layer
scale [7]. When electrons are confined within
a semiconductor thin film with a thickness
of the order of the de Broglie wavelength,
the wave nature of the electrons becomes
important [8].

In classical mechanics, carriers are
completely confined by the potential wells,
only those carriers with excess energy higher
than the barriers can escape. But in quantum
mechanics point of view, a particle can
tunnel through a potential barrier of height
higher than that of the incident particle. The
necessary conditions for tunneling are: (1)
Occupied energy states exist on the side
from the electron tunnels. (2) Unoccupied
energy states exist at the same energy level
on the side to which the electron can tunnel.
(3) The tunneling potential barrier height is
low and the barrier width is small enough
that there is a finite tunneling probability,
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and (4) the momentum is conserved in the
tunneling process [2]. Tunneling through a
double barrier was first solved in the Wentzel-
Kramers-Brillouin (WKB) approximation by
David Bohm in (1951)[9].

In this paper, we have considered the
tunneling current density of ground state level
(J_0) in the (MBS) as a comprehensive manner
by using the energy of incident particles is
less than (V_0) with applied bias voltage
(V_bias). In addition, we have examined the
dependence of resonant tunneling current
density on various factors like the number of
barriers (N) and the mole fraction (x) of the

system.

2.Theory
It will be better, if we consider a model to

understand the tunneling of electron through
multi barrier semiconductor hetero-junction.
In such model, we have a super-lattice
structure contains alternately semiconductor
hetero-junction of (a-Si/Sil-xGex) for (x=0.2
to 0.8). These two materials have similar band
structure, but different energy gap, where the
(S11-xGex ) has the small gap to form the well,
and (a-Si) has the large energy gap to form the
barrier. In this structure, the barriers thickness
(b), thickness of well (a) and the super-lattice
period (c) are related with each other (c=a+b). If

these systems consist of (N) barriers then one will
find (N-1) wells as shown in Fig. (1):
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Fig. (1): Scheme of the periodic potential of (a-Si/Si1-xGex) super-lattice.
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Suppose an electron of energy (E) and mass
(m*) is incident from the left of an arbitrary
shaped, one-dimensional, continuous potential
V(x), in order to calculate the probability
of transmission through the double barriers
structure in the presence of an applied field,
dividing the barrier into steps of infinitesimal
width [10], as shown in Fig. (2).

()

i r
| eV i+1

emitter

Potential Energy (eV)

collector

Distance (nm)
(b)

Fig. (2):- (a) Divide the active region into N slices, (b) The potential though the
(RTD) conduction band is quantized into small steps for the transmission matrix
calculation, (c) In region (i) the potential energy is (eV;), and in region (i+1) the
potential energy is (eVi+1)[11].

To solve the transmission probability, the
Propagation-Matrix Method (PMM) is used, this
method has among its advantages computational
simplicity and good accuracy. The transmission
probability T(E)) is given by [12]:

m*; Kiyq [C|?
s R QA

T(E) =

Where m*i and m*(i+1) are the effective
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electron masses in the regions (i) and (i+1),
respectively, k i1 and k (i+1) are the electron
wave numbers in the regions (i) and (i+1),
respectively, C and A are the transmission
coefficients for an electron entering the left
barrier into the collector.

If electrons (n) in the system with area (A),
the current density (J) in the system:

I =
] = e NEV 1ttt i it e it et e s e s e (2)
_ 1dE

(" dP(E)
n _fo D(E)-KpT. A v (4)
P(E) (1-p(E))
n= f D(E).P(E). (1 —=P(E))dE ... cee e cee et s e e (6)

0

_ EkBT © , dEl

) =5 i P(E). (1 — P(E)) dEd—k1 RN ¢4

The net current (J) is due to the electrons
going from the left-hand side with energy
(E=E_I+(h"2 k t*2)/(2 m"* )) and from the
right-hand side with energy (E =E+eE 1 =
E+eV), where E is the electric field and 1 is
the distance between the contacts on the two
sides, (J)is obtained by Esaki formula[13]:

| = w(l - e;BL‘T]>J T(Ey) .e(EIEB;;EI)dEl N ¢:))

2m2h3
0

(1)
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3 .Results and Discussion:
Fig. (3) Shows the J-V characteristics

(a-S1/S11-xGex) with

of
(x=0.5,a=b=1.2nm,N=7). The net tunneling

current, at zero applied voltage, is zero, as

super-lattice

shown in Fig. (3) region (a), when a bias
voltage is applied (V_bias=0.1 V) to the
structure, a small current flow. The current
increases strongly as

(Jp=4.558*10"(-3) A/nm”™2 ) at peak
voltage(V_p=0.9 V), see region (b), when the
energy of the incident electron coincides with
energy one of confined states. Further increase
of the bias voltage detunes the resonance and
current decreases sharply as

(Jv=5.654*10"(-4) A/mnm"2 ) at valley
voltage (Vv=1.2 V), see region (c) Fig. (3),
and creates the negative differential resistance
(NDR). Still with further increase of the
voltage (Vbias=1.3 V), the excess current
starts to dominant, as region (d) of Fig. (3).

0.005
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0.003 +

0.002 +

Current Density J (A/nm?)

0.001 +

Bias voltage V. (V)

Fig. (3): J-V characteristics of (a-Si/Si1.xGex) super-lattice with (x = 0.5, a =
b=1.2nm,

N=7).

Fig. (4) corresponds to the electrical
characteristics which are shown in Fig. (3).
The Fermi-level is constant across the junction
and no filled states exist (electrons) on either
side of the junction, while below the Fermi-
level there are no empty states available on
either side of the junction, as shown in Fig.
(4a). Therefore, the net tunneling current at
zero applied voltage is zero. Physically, the
current maxima occur at certain voltages
such that the resonant energies (E o state)
approach the Fermi energy of the electrons at
the left of the barrier [14], see Fig. (4b). The
decrease in current with the increase in applied
voltage results from the fact that this band of
common energies decreases, see Fig. (4¢). The
decreasing current after the peak gives rise
to the negative differential resistance (NDR)
[15, 16]. Still with further increase of the
voltage, the excess current start to dominant,
see Fig. (4d), whenever the resonant energies
(E 1 state) approach the Fermi energy of the
electrons at the left of the barrier.
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Fig. (4): Energy band diagram of (a-Si/Si1xGex) super-lattice with(x = 0.5,a =
b =1.2nm, N = 3) under various biases, (a) near zero bias, (b) Resonant
tunneling through (E,state) at Vs = 0.9V, (c) (E,state) below (Ep) at
Vbias = 1.2V, (d) Resonant tunneling through (E;state) at Vy,;,s = 1.3V,
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Fig. (4) corresponds to the electrical to the negative differential resistance (NDR)
characteristics which are shown in Fig. (3). [15, 16]. Still with further increase of the

The Fermi-level is constant across the junction voltage, the excess current start to dominant,

and no filled states exist (electrons) on either see Fig. (4d), whenever the resonant energies
side of the junction, while below the Fermi- (E 1 state) approach the Fermi energy of the
level there are no empty states available on electrons at the left of the barrier.

either side of the junction, as shown in Fig.

(4a). Therefore, the net tunneling current at [

zero applied voltage is zero. Physically, the ;%ooo.s.

current maxima occur at certain voltages e

such that the resonant energies (E_o state) ,:go.oos

approach the Fermi energy of the electrons at %0""’2

the left of the barrier [14], see Fig. (4b). The & 0.001

decrease in current with the increase in applied ™ I ' -
voltage results from the fact that this band of ( pras voltage \;ﬂim e

common energies decreases, see Fig. (4¢c). The

. . . Fig. (5): The current density (J,) versus bias voltage (Vyias) by varying number
decreasing current after the peak gives rise  ofbarriers.

Table (1): the values of (J_o ) for system (a-Si/Sil-xGex) with (x=0.5 ,a=b=1.2nm) and
varying bias voltage from (0.1,0.5,0.9)V,N=3,5,7,9.

a-Si/Si1xGexSuperlattice

1.98*10710 3.26%10710 478*10710 | 535%10710

4.61*1077 1.31*10°° 1.56*107° 1.75%10°8

3.61*1072 4.22%1073 456%1073 4.92%1073

Also shown that (J o ), at (V_bias=V_ ) versus bias voltage (V_bias) for (a-Si/
0=0.9 V), represents the peak current density Sil-xGex) super-lattice structure with
J p). (N=3,a=b=1.2nm) and different in mole

fraction of the composite about (x=0.2,0.4,0.5
Fig. (6) shows the resonant tunneling and 0.6). It is clear that when the mole fraction

current density for ground state level (J o of the composite increases the resonant
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tunneling current density (Jo ) will decrease, 0.006

this behavior comes in agreement with the i

results in experiment by S. Mukherjee et al F

[18], and the values of (Jp) for each (x) will | Z 0-004

be determined as the corresponding value of g 0.003 -

bias voltage (Vbias) that is equal to the barrier g 0001 |
3

high (Vo).The explanation of this behavior is

expected when increasing the mole fraction 0.001 1
of (Ge) it will cause an increase in the barrier 0 4 . d .
height (Vo) due to poor tunneling through the 0 0.5 1 L5 2

Bias voltage V|, . (V)

barriers, because the necessary conditions for
Fig. (6): The current density (J_o ) versus bias

voltage (V_bias) by varying the mole fraction
is low and the energy gap of quantum wells. of the composite.

See Table (2).

tunneling occur when potential barrier height

Table (2): the values of the resonant tunneling current density (J_o ) for system (a-Si/Sil-xGex) with
(N=7 ,a=b=1.2nm) and varying bias voltage from (0.1,0.5,0.9)V,x=0.2,0.4,0.5,0.6.

Jo(A/nm?)
a-Sif/Si1xGexSuperlattice | x=0.2 x=04 x=0.5 x=0.6
(N=3,a=b=1.2nm)

AtV = 0.1V 1.89%107% | 1.54*107° | 4.78*107'° | 1.70*107%°
AtVy = 0.5V 5.53*10° | 475°10°° | 1.55*10°° | 5.38%10 7
AtV =09V 5.04*107% | 4.97%107% | 4.55*107% | 1.49*10°°

Also the transmission coefficient (T(El)) will values had taken when (Vbias=Vo) for each
be decrease so (Jo ) will decrease as Eq. (8). concentration.
Table (3) is put to illustrate how (Jp )

Table (3): the values of (Jp ) for system (a-Si/Sil-xGex) with(N=7 ,a=b=1.2nm) at (Vbias=Vo).

a-Si/Si1-xGexSuperlattice (Vpias = Vo)V A

(N=3,a=b=1.2nm) ]P(@)
x=0.2 0.709 2.84*103
x=0.4 0.841 4.95%10-3
x=0.5 0.901 5.26*1038
x=0.6 0.957 5.58*103
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4.Conclusions
In this work, a theoretical model for

computation of resonant tunneling current
density (J_ o ) has been studied to (a-Si/Sil-
xGex) with (x=0.2 to 0.8) super-lattice hetero-
junction structure. We have found that when
increasing the number of barriers, (J_o ) will
increase. while (J_o ) will be decreased with
the increasing of a mole fraction (x). Also, We
have found that that the effect of increasing
the bias voltage will shift the quantized levels
inside the well and the energy levels, which
are tunable by some voltage, would exhibit
peak current-voltage (I-V) characteristic.
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