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Abstract. Double barrier resonant tunneling diode using annealing induced diffusion modified
quantum well is proposed as a viable alternative to that using parabolic quantum well which requires
complex techniques to fabricate it. The transmission coefficients are calculated using the hybrid incremental airy function plane wave approach. The room temperature current–voltage characteristics
have been calculated using transmission coefficients. The current–voltage characteristics are found
to be similar in both diodes.
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1. Introduction
Rapid advances in semiconductor deposition technology using molecular beam epitaxy
(MBE) method has led to the realization of different quantum well structures with rectangular [1], parabolic [2–5] and triangular [6] confinement profiles. The diffusion modified
quantum well is fabricated by annealing rectangular quantum well (RQW) under suitable
conditions [7–10].
Since the pioneering work of Tsu and Esaki [11], the resonant tunneling diode (RTD) in
the quantum well structure has been intensively studied both theoretically and experimentally over the last three decades. These diodes are also useful for perpendicular transport at
ambient temperatures [12]. The early J V a measurements of the RTD are explained using
Chang–Esaki–Tsu (CET) model [13]. More accurate measurements [14] show bistability
and plateau-like structures which exist at a bias voltage away from the resonance bias voltage. Recently these structures are found to arise from the coupling between energy levels
in the emitter quantum well and main quantum well [15].
Although most of the studies have been concentrated on the RQW structures [16], there
have been a few attempts to study this in the parabolic quantum well (PQW) and triangular
quantum well-based RTDs. The reason behind this is that the fabrication of a RTD with
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PQW is more involved compared to that in the RQW. In the parabolic RTD the peaks of
the current densities in experiments are evenly spaced due to equally placed sub-bands in it
[3,5]. Using CET model, Tan et al [17] have studied the resonant tunneling in the PQW and
found that the current densities in this well are peaked at larger applied voltages compared
to rectangular RTD due to stronger confinement of the energy levels in it.
Li [18] has theoretically shown that the annealing induced diffusion modified quantum
well (DMQW) can also show a parabolic-like confinement profile under some suitable
conditions. As a result of this the third-order susceptibilities are similar in both PQW [19]
and DMQW [18]. It is therefore worth comparing current densities in RTDs based on
PQW and DMQW. We employ CET model for calculating current densities in spite of its
limitations in finding bistability and plateau-like structures. We neglect current densities
arising from the phonon [20] and plasmon assisted processes [21].
In x2, we present structures of RTDs for both PQW and DMQW. In x3, we present a
general scheme for calculating transmission coefficients in PQW and DMQW-based RTDs.
In x4, the current densities as a function of the applied voltages are shown. The dark current
densities are calculated in x5 and finally the paper is concluded in x6.
2. Potential profiles
2.1 Parabolic well structure
The RTD with parabolic potential profile can be fabricated using two different techniques
by the MBE method. In one method the parabolic well is fabricated by depositing alternate
layers of GaAs and AlGaAs in such a way that the average Al-concentration in the well
is parabolically graded by adjusting the ratio of the layer thicknesses [2,5]. In the second
method the material composition of the well is changed quadratically with position to
obtain PQW [3]. Both these methods require accurate deposition techniques.
The potential profile for the PQW is generally constructed using position independent
force constant and the energy levels are calculated using constant effective mass [19]. However, the Al concentration in this well varies quadratically with the well width resulting in
position-dependent effective mass. For this reason we have followed the scheme of Tan et
al [17] for describing the potential profile of a parabolic well. In their method the positiondependent Al atomic fraction is expressed as
x(z) =

4x0
L21



L1 + 2L2
2

2

z

;

(1)

where L1 and L2 are well and barrier widths respectively. The heterostructure under applied
bias is described as
(

V (z) =

0
Vd (z)
eVa

eFz

for z < 0,
for 0  z  L ,
for z > L

(2)

where L = L1 + 2L2 and F = Va =L with Va being the applied voltage.
The confinement profile Vd (z) is calculated as
Vd (z) = 0:7[Eg fx(z)g
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The position-dependent effective mass is calculated as m  (z) = m (x(z)). The Al concentration dependent band gap and effective mass are taken from ref. [1].

2.2 Diffusion modified quantum well
As mentioned earlier, the rapid annealing of the as-grown RQW produces DMQW. At
the growth temperature, generally, there are not enough Ga vacancies, but only excess
arsenic. It is only during subsequent annealing at high temperature (850 ÆC) that this arsenic
dissolves into lattice producing Ga vacancies which are free to diffuse. The Al atoms
diffuse into GaAs region and occupy Ga vacancies. It has been found that the intermixing is
enhanced when the GaAs well is grown at low temperature [22]. The
pextent of Al diffusion
is characterized by diffusion constant L d which is defined as Ld = Dt where D and t are
diffusion constant and annealing time respectively. The annealing needs the quantum well
to be capped by some capping material in the front and back surfaces. Silicon nitride is
chosen as it has been found to give the lowest diffusion coefficient for intermixing in the
emitter and collector regions below the silicon nitride capping layers.
Taking isotropic diffusion constant, the concentration profile x(z) has been derived as


x(z) = x0 1

1
er f
2



z

L2
2Ld



1
+ er f
2



z

L1 L2
2Ld


:

(4)

The potential profile of the RTD is expressed in the same way as in eq. (2) with V d calculated using eq. (3).
In order to design the DMQW with equally spaced eigenstates, the structural parameters
and the interdiffusion length of the DMQW are chosen very carefully so that the confinement profile is parabolic-like in shape. In figure 1 we have compared potential profile of
the parabolic and diffused RTDs. As can be seen, the potential profile of the DMQW nearly
matches with the parabolic profile with a slight disagreement at the barrier regions.

3. Transmission coefficients
The effective mass equation for describing the RTD is given by


~2 ∂



∂
+ V (z) ΨE (z) = EΨE (z);

2 ∂ z m (z) ∂ z
1

(5)

where ΨE (z) is wave function at energy E.
The solution of this equation for the region z < 0 is given by the incident and reflected
plane waves [23,17]
ΨE (z) = A2 eik0 z + B2 e

ik0 z

;

(6)

p

where k0 = 2m (0)E =~2 . Similarly for the region z > L, the solution is given only by
the propagating plane wave as the electron is not reflected in this region,
ΨE (z) = A1 eikt z ;
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Figure 1. Comparison of the potential profiles of parabolic and diffused AlGaAs/GaAs double barrier resonant tunneling diodes. The parameters used for the
parabolic well are L1 = 50 Å, L2 = 45 Å and x = 0:3 while those for the diffused well
are 52 Å, 35 Å and 0.3175 respectively. The diffusion length Ld for the diffused well is
6 Å.

where kt

=

p

2m (0)(E + eVa)=~2 . The transmission coefficient is defined as [23]
r

T (E ) =

E + eVa A1
E
j A 2 j2 :

(8)

For evaluating the transmission coefficient it is required to find A 1 and A2 . A1 can be
arbitrarily chosen so that it is multiplied with A 2 . Since we are taking the ratio of A 1 and
A2 , the transmission coefficient is independent of the choice of A 1 . In our case we have
taken A1 = 1.
We have followed the hybrid incremental airy function approach of Tan et al [17] with
some modifications in order to solve eq. (5) in the region 0  z  L for both PQW and
DMQW. The potential profile is sub-divided into a number of strips (N ). Before applying
the electric field the potential within each strip is assumed to have rectangular barrier with
constant height. The effective mass is also assumed to be constant within a strip. Under
applied bias, the slope of each strip changes according to the external voltage drop across
the strip. It is important to choose an appropriate width of the strip in order to obtain
converged results. For N strips, the width of each strip is given by ∆ = L=(N 1). We vary
N to find the convergence in the transmission coefficient. The barrier of the ith rectangular
strip is set at zi = L (i 1)∆. The solution of the effective mass equation for the ith strip
is given by
ΨE (zi ) = Ci Ai(Xi ) + Di Bi(Xi );
where Ai and Bi are airy functions [24]. The dimensionless coordinate X i is defined as
134

Pramana – J. Phys., Vol. 61, No. 1, July 2003

(9)

Parabolic and diffused resonant tunneling diodes
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where the dimensionless coordinate is defined as
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The average potential and effective mass in each strip is chosen at the center of the strip.
The coefficients for Ci and Di from 2 to N are calculated using the continuity conditions at
zi boundaries in the following way:
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Using the computed values of C N +1 and DN +1 , we find A2 as
A2 =



1
i
CN +1 Ai(XN+ ) + DN +1 Bi(XN+ ) + CN +1 Ai0 (XN+ ) + DN +1 Bi0 (XN+ )
2"
2
#


2eF 1=3 m(0) 1
 ~2
:
(15)
(m+ )2=3 k0
N

In figure 2, we have shown transmission coefficients for both RTDs at various applied
bias. As can be seen, they are quite similar.
4. Current density
The current density J at temperature T can be calculated using the expression [16]


Z
em (0)kB T ∞
1 + exp[(EF E )=kBT ]
J (Va ) =
T (E ) ln
dE ;
2π 2 ~3
1 + exp[(EF E eVa )=kB T ]
0

(16)

where EF is the Fermi energy which is calculated by equating the fully ionized donor
concentration with the occupied sub-band states of the quasi two-dimensional electron
gas.
The J Va characteristics of both RTDs are shown in figure 3. We find that the current
densities of both RTDs are quite similar which suggest that a carefully designed diffused
RTD can be a compliment for parabolic RTD.
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Figure 2. Comparison of the transmission coefficients for the parabolic and diffused
RTDs at different applied bias.
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Figure 3. Comparison of the J Va characteristics for the parabolic and diffused RTDs
at different applied bias.

5. Dark current
The dark current due to the thermionic emission current is given by [25]
Z∞
N2d (E ; Va )Tc (E ; Va ) f (E )dE ;
Jdark (Va ) = evd
0
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Figure 4. Comparison of the dark current densities for the parabolic and diffused
RTDs at different applied bias.

where N2d is the two-dimensional density of states [26] and f (E ) is the Fermi–Dirac distribution function. Tc is the probability of tunneling through the barrier in the direction of
the electric field. We have used WKB approximation [27] for calculating T c . Both Tc and
N2d are calculated taking position dependence of the effective mass and then integrating
over well-width. The drift velocity v d is given by [28]
vd =

µF
[1 + ( µ F =vs )2:6 ]

1=2

;

(18)

where µ is the mobility of electrons and v s is the saturation velocity. In our calculation we
have taken µ = 8000 cm 2 V 1 /s and vs = 2  107 cm/sec from ref. [26]. The calculated
dark current densities for RTDs based on PQW and DMQW are shown in figure 4. As in
the resonant current densities, the dark currents are also similar in these RTDs. Compared
to the resonant current densities, the dark currents are low.
6. Conclusions
In summary, we propose the DMQW as a viable alternative to the PQW. The resonant tunneling diodes prepared from these wells with similar confinement potentials show similar
transmission coefficients and J Va characteristics. The calculated dark currents are at an
acceptable level for device fabrication. Although we have prepared a set of parameters for
PQW and DMQW to show similar J Va characteristics, there could be many such similar
RTDs with similar behavior.
Unfortunately there is only one experimental work [29] which measures Stark shifts in
the DMQW. The lack of experimental works on RTD based on AlGaAs/GaAs heterojunction did not allow us to determine the correctness of our results. For making a RTD based
Pramana – J. Phys., Vol. 61, No. 1, July 2003
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on DMQW, it is necessary to focuss our attention on several important aspects. The diffusion coefficient is invariably a function of temperature, D = D 0 exp( Q=kB T ), where D0
is the diffusion constant and Q is the energy required for an atom from one stable position
in the crystal to the next. At 850 ÆC the diffusion constant is found to be 1.110 18. For
getting Ld = 6Å, the annealing time required is nearly one hour.
Although the AlGaAs barriers are capped by Si 3 N4 to block Al atoms diffusing into
the emitter and collector n-type GaAs regions, there is still some probability for these regions to receive some amount of Al atoms from the barrier regions. This will not pose any
problem for device fabrication since the small Al concentration will allow the conduction
band edge to lie only slightly below the lowest energy state in the well [5]. The contacts can be prepared by depositing and annealing AuGe/Ni/Au alloy on both sides of the
device [5].
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